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ABSTRACT 


Soft-tissue characters from the cranial vasculature and anterior nasal fossa are described 
and figured for several tenrecs and other insectivoran-grade mammals. A number of variations 
in blood supply and anterior nasal anatomy exist among observed specimens, including the 
involution of certain branches of the stapedial artery, blood supply to the jaw, relation of the 
external carotid to pharyngeal musculature, connections of the vomeronasal duct and parasep- 
tal cartilage, presence of a papillary cartilage, and others. When the observed anatomy is 
distilled into 20 discrete anatomical characters and optimized onto recent insectivoran phylo- 
genetic trees, these soft-tissue characters are more consistent with a reconstruction based on 
osteological and dental characters than with one based on molecular characters. Nevertheless, 
all recently proposed phylogenies require homoplasy from this dataset, and potential synapo- 
morphies for both a monophyletic Lipotyphla and endemic African clade can be optimized 


onto recent phylogenetic proposals. 


INTRODUCTION 


Living tenrecs consist of three subfamilies 
restricted to Madagascar: the Tenrecinae 
(Tenrec, Setifer, Hemicentetes, Echinops), 
Oryzorictinae (Microgale, Oryzorictes, Lim- 
nogale), and Geogalinae (Geogale; see Ei- 
senberg and Gould, 1970). Two African gen- 


era (Potamogale and Micropotamogale) 
comprise the Potamogalinae and are usually 
listed as part of the Tenrecidae as well (Ste- 
phan et al., 1991; Nowak, 1999). Tenrecines 
(particularly Echinops and Setifer) resemble 
hedgehogs such as Erinaceus and Atelerix in 
their cover of dense spines. Microgale and 
Geogale resemble some shrews in their pel- 


' Division of Paleontology, American Museum of Natural History. E-mail: asher@amnh.org 


Copyright © American Museum of Natural History 2001 


ISSN 0003-0082 


2. AMERICAN MUSEUM NOVITATES 


A * Soricidae 
*Talpidae 
*F’chinosorex 
*Erinaceus 


*Chrysochloridae 


*Tenrecinae 
*Geogale 
*Microgale 
*Potamogalinae 
*Limnogale 
*Oryzorictes 
*Solenodon 

*F A pternodus 
*+ Nesophontes 
**+Centetodon 
Procavia 
Tupaia 
fLeptictis 
Carnivora 
Bradypus 
Dasypus 
Orycteropus 
Macropus 
Didelphis 


Fig. 1. 


NO. 3352 


B *Soricidae 
*Talpidae 
*Solenodon 
Carnivora 
Perissodactyla 
Chiroptera 
Cetacea 
Artiodactyla 
Pholidota 
*Amblysomus 
*Echinops 
Orycteropus 
Elephantulus 
Procayia 
Trichechus 
Loxodonta 
Xenarthra 
*Frinaceus 
Oryctolagus 
Primates 
Caviomorpha 
Muridae 
Marsupialia 
Ornithorhynchus 


Competing phylogenetic hypotheses for African insectivorans. A. As part of the Lipotyphla 


(after set no. | of Asher, 1999). B. As part of the Afrotheria (after fig. 1 of Stanhope et al., 1998). 
Endemic African taxa are listed in bold; insectivorans are marked with an asterisk, fossils with a 


Cross. 


age and size; Oryzorictes has molelike fos- 
sorial habits; and potamogalines and Lim- 
nogale are semiaquatic, resembling desmans 
(e.g., Galemys) in their riverine habitat. 
Throughout the 20th century, this diverse 
group of small placental mammals has been 
considered to be part of the ““Lipotyphla’’, a 
taxon coined by Haeckel (1866) to include 
living moles, hedgehogs, shrews, golden mo- 
les, and the Caribbean Solenodon (fig. 1A). 
Recently, a growing body of molecular evi- 
dence (Stanhope et al., 1998; Mouchaty et 
al., 2000; van Dik et al., 2001; Madsen et 
al., 2001; Murphy et al., 2001) has been in- 
terpreted in favor of the hypothesis that the 
endemic African elements of the Lipotyphla 
(i.e., tenrecs and golden moles) are in fact 
more closely related to a larger endemic Af- 
rican clade consisting of elephants, sea cows, 
hyraxes, aardvarks, and elephant shrews (fig. 


1B). However, this conclusion is not unam- 
biguously supported by these molecular data. 
For example, the parsimony trees published 
as “‘supplementary data’’ (available with free 
registration at www.nature.com) by Murphy 
et al. (2001) do not support the inclusion of 
the single sampled tenrec, Echinops telfairi, 
within the Afrotheria. In fact, a mammalian 
*“‘supertree”’ (Liu et al., 2001), summarizing 
results from slightly over 400 phylogenetic 
analyses published through early 1999, fa- 
vors the inclusion of both tenrecs and golden 
moles in the traditionally recognized order 
Lipotyphla. 

The core of the “‘Afrotheria’’ (Stanhope et 
al., 1998), consisting of elephants, sea cows, 
and hyraxes (collectively known as paenun- 
gulates), has had a long history among ver- 
tebrate biologists (Simpson, 1945; McKenna 
and Bell, 1997). Even the association of 
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aardvarks and elephant shrews with paen- 
ungulates is a hypothesis that many zoolo- 
gists find palatable, if only because the or- 
dinal-level affinities of elephant shrews and 
aardvarks have been unclear for some time 
(Thewissen, 1985; MacPhee, 1994; Woodall, 
1995). However, the association of African 
tenrecs and golden moles with a paenungu- 
late-aardvark-elephant shrew clade, to the 
exclusion of such insectivoran-grade taxa as 
hedgehogs and shrews, would not have been 
made without molecular data produced dur- 
ing the last few years (e.g., Madsen et al., 
2001); this hypothesis may rightly be consid- 
ered a controversial “‘molecular alternative” 
to the view that insectivoran-grade taxa form 
a natural assemblage (e.g., Butler, 1988). At 
the same time, more recent morphologically 
based phylogenetic evaluations of insectivor- 
an monophyly (e.g., MacPhee and Novacek, 
1993; Asher, 1999) are at best lukewarm re- 
garding the integrity of this taxon. If tenrecs 
and golden moles are not part of the “Af- 
rotheria’’, then it is far from clear where their 
true phylogenetic affinities lie. 


PURPOSE OF THE PRESENT STUDY 


A reason for this lack of confidence in in- 
sectivoran relationships may be that basic in- 
formation about the anatomy of several in- 
sectivoran-grade groups remains unknown. 
Even with the notable contributions of Roux 
(1947), Bugge (1974), and MacPhee (1981), 
details on cranial vasculature in the Tenre- 
cidae has to date been adequately described 
in less than half of its constituent genera. 
Published information on the tenrecid nasal 
fossa is even more scarce, even though 
Broom (1915b) and Hofer (1982a) have 
made a good start. This lack of anatomical 
knowledge for tenrecs is surprising, given the 
fact that both regions have historically served 
as important sources of phylogenetic infor- 
mation in other mammalian groups (e.g., 
Kuhn, 1971; Maier, 1980; Wible, 1987; San- 
chez-Villagra, 2001). 

The present study makes a contribution to 
this shortfall by describing cranial arterial 
supply in Potamogale, Micropotamogale, 
Geogale, Microgale, Echinops, Tenrec, the 
nontenrecid Erinaceus; and the anterior nasal 
region for these taxa plus the tenrec Setifer. 
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All of these animals are insectivoran grade 
and have traditionally been classified in the 
Lipotyphla sensu Haeckel (1866). After de- 
scribing the cranial anatomy of these taxa, I 
distill this information into a limited number 
of discrete characters and code them for the 
preceding taxa plus 16 other mammals, in- 
cluding the marsupial Didelphis. I then map 
these characters onto phylogenetic trees rep- 
resenting alternative hypotheses of insecti- 
voran relationships, and note which hypoth- 
esis best explains their distribution. 

A definitive solution to the phylogeny of 
insectivoran-grade mammals must await a si- 
multaneous analysis of morphological and 
sequence data and sample relevant living and 
fossil taxa. The scope of this paper is much 
more limited, providing basic anatomical 
data that may be relevant for larger biologi- 
cal issues. In the short term, I use these data 
to evaluate previously existing phylogenetic 
hypotheses of African insectivoran phyloge- 


ny. 


TAXONOMIC TERMINOLOGY 


The following taxonomic conventions will 
be used throughout this text: ‘“‘Placental”’ 
mammals include crown group members of 
the Eutheria. ‘“‘Eutheria’’ is more inclusive 
and encompasses members of the stem line- 
age leading to placental mammals (Novacek 
et al., 1997). The “‘Lipotyphla’’ denotes ex- 
tant chrysochlorids, erinaceids, Solenodon, 
soricids, talpids, tenrecids, the subfossil Ne- 
sophontes, and several extinct Tertiary 
groups including (for example) apternodon- 
tids, dimylids, erinaceomorphs, and geolabi- 
dids (Carroll, 1988; Gould, 1995; McKenna 
and Bell, 1997; Asher, 1999). In the 19th and 
early 20th centuries, ““‘Insectivora’’ common- 
ly included lipotyphlans plus menotyphlans 
(1.e., scandentians and macroscelideans). 
During the last 50 years, “‘Insectivora”’ has 
most often been used interchangeably with 
‘“‘Lipotyphla’”’, and is so regarded here. How- 
ever, I use “Insectivora” in an explicitly 
gradistic sense. “‘Insectivora’’ and “‘insecti- 
voran”’ are taxonomic terms and do not im- 
ply any particular dietary strategy, although 
““insectivore’’ does (cf. “‘carnivoran’’ vs. 
‘“‘carnivore’’). The ‘‘Afrotheria’’ refers to the 
group designated by Stanhope et al. (1998), 


4 AMERICAN MUSEUM NOVITATES 


NO. 3352 


TABLE 1 
Variations in Anatomical Terminology 
(Term used in this paper were chosen based on precedence and/or common usage. 
Variations observed in the literature are listed on the right.) 





This paper 


Nasopalatine duct cartilage 


Variations 


Palatine and nasopalatine duct cartilage (Maier, 1980) 


Definition: Laterally and medially situated cartilaginous support for the nasopalatine duct. Following Maier (1980), the palatine 
cartilage is found lateral to the nasopalatine duct and the nasopalatine duct cartilage medial to the duct. 


Inferior stapedial ramus 


“Distal part of the stapedial artery system” (Bugge, 1974) 


Definition: Stapedial artery distal to origin of the superior stapedial ramus and proximal to the origin of mandibular and infra- 
orbital arterial rami, which it supplies. May involute in some taxa (e.g., Tenrec ecaudatus). 


Internal carotid artery 


Promontorial artery (MacPhee, 1981), arteria promontorii 


(McDowell, 1958) 


Definition: “Promontory artery” refers to segment of internal carotid in transpromontorial position (Wible, 1986) as it courses 
on ventrum of pars cochlearis, distal to origin of proximal stapedial artery. 


Ramus infraorbitalis 


Infraorbital artery (Cartmill and MacPhee, 1980) 


Definition: One of two terminal branches of the inferior stapedial arterial ramus, beginning at the origin of the ramus mandibu- 
laris. Supplies the upper dentition and oral cavity, posterior palate, and face en route to the rostrum via the infraorbital fora- 
men/canal. Target structures are annexed by a maxillary branch of the external carotid artery in some taxa (e.g., Tenrec ecauda- 
tus). “Infraorbital artery” may be recognized as distinct from “ramus infraorbitalis” when it is a branch of the maxillary artery 


and travels adjacent to the infraorbital nerve. 


Ramus mandibularis 


Inferior alveolar artery (Agur and Lee, 1991) 


Definition: One of two terminal branches of the inferior stapedial arterial ramus, beginning at the origin of the ramus infraor- 
bitalis. Supplies the mylohyoid muscle and jaw. May be annexed by the external carotid artery in some taxa (e.g., Tenree ecau- 


datus). 


Sinus canal foramen 


Cranioorbital foramen (MacPhee, 1994), anterior opening of 


orbitotemporal canal (Wible and Rougier, 2000) 


Definition: Anterior exit point in (typically) the alisphenoid for the sinus canal through which the superior stapedial arterial 
ramus supplies the supraorbital artery as the latter enters the orbitotemporal fossa. 


Sphenorbital fissure 


Foramen lacerum anterioris (McDowell, 1958) 


Definition: Opening in sphenoid into orbitotemporal fossa for exit of ophthalmic and maxillary divisions of trigeminal nerve. 


that is, proboscideans, sirenians, hyracoids, 
tubulidentates, macroscelideans, tenrecids, 
and chrysochlorids. Proboscideans and sire- 
nians are collectively referred to as the Teth- 
ytheria (Fischer, 1996), and these two plus 
hyracoids are referred to as the Paenungulata 
(Shoshani, 1993). Stanhope et al. (1998) pro- 
posed the name ‘‘Afrosoricida’’ to denote a 
clade containing extant chrysochlorids and 
tenrecids. However, 40 years earlier McDow- 
ell (1958) proposed the name “‘Tenrecoidea”’ 
as a superfamily with the same content. Oth- 
er workers have used “‘Tenrecoidea”’ in a 
broader sense both formally (e.g., Gill, 1884) 
and informally (Asher, 1999) so as to include 


Solenodon and/or extinct apternodontids, in 
addition to tenrecs and golden moles. Here, 
I follow McDowell in using ““Tenrecoidea”’ 
to indicate a tenrec-chrysochlorid clade (cf. 
Mouchaty, 1999). 


ANATOMICAL TERMINOLOGY 


I follow McDowell (1958), Novacek 
(1986), and MacPhee (1994) for osteological 
terminology; Bugge (1974), MacPhee 
(1981), and Wible (1984) for arterial termi- 
nology; and Sturm (1936), Kuhn (1971), and 
Maier (1980) for nasal terminology. Varia- 
tions on anatomical terms used by these and 
other investigators are listed in table 1. 
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ABBREVIATIONS 

Institutional 

AIG Universitat G6ttingen, Anatomisches 
Institut (Germany) 

AIM Universitat Mitinchen, Anatomisches 
Institut (Germany) 

AMNH-B_ American Museum of Natural Histo- 
ry, Bluntschli Collection (USA) 

IZEA Institut de Zoologie et d’Ecologie An- 
imale, Lausanne (Switzerland) 

MCZ Museum of Comparative Zoology, 
Cambridge (USA) 

MNHN Museum Nationale d’Histoire Natu- 
relle, Paris (France) 

MPIH Max Planck Institut ftir Huirnfor- 
schung, Frankfurt (Germany) 

HID Universitat Diisseldorf, Vogt Institut 
fiir Hirnforschung (Germany) 

ZIUT Universitat Tiibingen, Zoologisches 
Institut (Germany) 

Anatomical 

acc alicupular commissure 

acf anterior carotid foramen 

ap ascending pharyngeal artery 

atl anterior transverse lamina 

ba basilar artery 

bs basisphenoid bone 

bsm arterial branch to submandibular 

gland 

bu buccal artery 

cc common carotid artery 

ce external carotid artery 

Cl internal carotid artery 

co cochlea of inner ear 

cp cupular process 

cs cupular spur 

d dentary bone 

dc anastomotic branch for deep cer- 

vical artery 

ea ethmoidal artery 

ect ectotympanic bone 

es esophagus 

fa facial artery 

fo foramen ovale 

gp greater palatine artery 

hf hypoglossal foramen 

icn internal carotid nerve 

lv internal jugular vein 

in incus 


jf 


jugular foramen 


nid 


npdc 
ns 
ob 
oc 
op 
pa 
pac 


pme 
pmx 
pnf 
Ppp 
ps 
ptv 
re 
rca 


rg 


rio 


A232 


sa 
sap 
scg 
sm 
sO 
spa 
st 
sth 


stp 
sut 


(x,y) 


tf 
thp 
tt 


longus capitis muscle 

lingual artery 

lateral nasal duct 

malleus 

Meckel’s cartilage 

maxilla 

nasal fossa 

nasolacrimal duct 

nasopalatine duct 

nasopalatine duct cartilage 
nasal septum 

outer bar of paraseptal cartilage 
occipital artery 

ophthalmic artery 

posterior auricular artery 
papillary cartilage 

petrosal bone 

paraseptal cartilage 

posterior belly of digastric muscle 
piriform fenestra 

posterior meningeal artery 
premaxilla 

posterior nasal fossa 

palatine papilla 

proximal stapedial artery 
pterygoid venous plexus 

rectus capitis muscle 

Reichert’s cartilage 

artery to retropharyngeal glands 
inferior stapedial arterial ramus 
ramus infraorbitalis (artery) 
retropharyngeal lymphatic tissue 
ramus mandibularis (artery) 
posterior stapedial arterial ramus 
superior stapedial arterial ramus 
temporal arterial rami 

rostal tympanic process of petrosal 
superior alveolar artery 
superior alar cartilage 

superior cervical ganglion 
stapedius muscle 

supraorbital artery 
sphenopalatine artery 

stapes bone 

superior thyroid artery 
stylopharyngeus muscle 
superficial temporal artery 
arterial trunk (for arteries x and y 
given in parentheses) 

transverse facial artery 
thyropharyngeus muscle 

tensor tympani muscle 

cranial nerve 5, trigeminal 
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Ve vertebral arteries also based on histological sections, but used 
Vil cranial nerve 7, facial the wax-plate method introduced by Born 
VIII cranial nerve 8, vestibulocochlear (1883) and later modified by W. Maier (Zool- 
vnd vomeronasal duct ogisches Institut, Universitat Tiibingen). In 
vno vomeronasal organ this procedure, the relevant anatomical struc- 
x cranial nerve 10, vagus tures were first traced onto 2-mm styrofoam 
XU cranial nerve 12, hypoglossal plates using a transmitted light microscope 
za zona annularis equipped with a camera lucida. Styrofoam 


MATERIALS AND METHODS 


Soft-tissue characters were obtained by ex- 
amining the histologically processed speci- 
mens listed in table 2. Analysis of soft-tissue 
anatomy was accomplished by inspecting 
histological slides using a transmitted light 
microscope at low (1-4) magnification. In 
addition, photographs of these sections were 
taken using a Pixera digital camera and a 
Macintosh Powerbook. In most cases, pho- 
tographs were taken at regular intervals (e.g., 
every 0.05—0.1 mm) and could subsequently 
be “‘stacked”’ using the public domain NIH 
Image program (developed at the U.S. Na- 
tional Institutes of Health and available on 
the internet at http://rsb.info.nih.gov/nih-im- 
age). These stacks usually consist of 50—100 
slices and can be used to flip through con- 
secutive images in regions of anatomical in- 
terest. 

Representations of cranial arteries were 
based on these histological images using a 
multistep process. First, images in a stack 
were aligned with the “‘register’’ option in 
NIH Image, using the inferior nasal septum, 
basisphenoid, mandibular condyle, and epi- 
tympanic recess as landmarks. Second, struc- 
tures of interest in each slice of a stack (e.g., 
ossified parts of the basicranium and arterial 
branches) were manually selected; other 
parts of the image were deleted. Third, from 
this modified stack a rotatable three-dimen- 
sional image was created using the “‘project”’ 
option of NIH Image; from this projection an 
image of this stack at an optimum viewing 
angle was produced on an ink-jet printer. 
Fourth, the image was manually traced with 
pencil and paper; finally, this tracing was 
scanned into Adobe Photoshop, appropriate- 
ly colored, and labeled using Adobe Illustra- 
tor. 

Representations of nasal cartilages were 


tracings were then cut out and glued together 
to create a three-dimensional model of this 
region. Photographic slides were taken of the 
three-dimensional reconstruction, and from 
these a preliminary pencil and paper tracing 
was made. The Uni-Tiibingen departmental 
graphic artist, Gabriela Schmid, then re-drew 
the tracing into the final figure with an air- 
brush under the supervision of the author and 
W. Maier. 

The figures produced using these methods 
accurately represent the anatomical relations 
of cranial arteries and nasal cartilages. The 
existence of major cranial arteries is not dif- 
ficult to verify in most histologically pre- 
pared specimens; however, the preservation 
of smaller, more distal branches may depend 
on numerous technical vagaries. The speci- 
men of Echinops telfairi (table 2), for ex- 
ample, preserved arteries in unusually good 
detail and allowed for the reconstruction of 
such small, terminal branches as the posterior 
meningeal branch of the occipital artery (fig. 
2). In other specimens this vessel was either 
absent or did not preserve well enough to be 
traced. It is also important to consider that 
histologically processed material has under- 
gone invasive processing (e.g., decalcifica- 
tion and dehydration) that may distort the 
proportions of some anatomical structures. 
Therefore, absolute measurements of such 
specimens must be taken with great caution. 


MORPHOLOGICAL CHARACTER CODING 


From the anatomical descriptions made 
possible by these methods, a number of dis- 
crete anatomical characters were constructed. 
No single method of transforming morpho- 
logical observations into characters appro- 
priate for phylogeny algorithms is without 
drawbacks (Strong and Lipscomb, 1999). 
Variable morphology coded into binary 
‘““*presence/absence’’ characters maximally 
subjects primary hypotheses of homology 
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Fig. 2. Reconstructed cranial vasculature of Echinops telfairi (ZIUT HL 18). Specimen is figured 


in ventral aspect; lateral is at left, anterior at top. 


(sensu De Pinna, 1991) to falsification (Plei- 
jel, 1995; Lee and Bryant, 1999). With this 
coding method, a researcher’s assumptions 
about evolutionary process (i.e., transforma- 
tions between multiple character states) are 
not concealed within a single character. 
However, this method may spuriously over- 
weight as “‘absent’”’ characters that are in fact 
inapplicable (Strong and Lipscomb, 1999; 
Lee and Bryant, 1999). To continue an ex- 
ample used by Maddison (1993), organisms 
that lack a tail would be coded as “‘absent”’ 
for other characters regarding tail pigmenta- 
tion. Depending on how many colors are ob- 
served in tailed taxa, those that are tailless 
would show multiple “‘homologies” of ab- 
sent blue, absent yellow, and so on. This 
strict binary coding falsely treats certain 
states as biologically real, when in fact their 
existence is semantic; the character state 
‘“‘blue: absent’? has not actually been ob- 
served in any organism and should not pro- 


vide evidence with which to define a clade 
(Hawkins et al., 1997; Strong and Lipscomb, 
1999). 

Alternatively, variable morphology may 
be coded into multistate characters, with 
‘“‘missing”’ entries used for taxa that are in- 
applicable for a given character. This tech- 
nique avoids the overweighting and reifica- 
tionist pitfalls of binary coding described 
above, but of course requires assumptions 
about evolutionary process that binary cod- 
ing lacks. In addition, the treatment of in- 
applicable characters as “‘missing”’ may yield 
odd state assignments to ancestral nodes, as 
when the common ancestor of tailless taxa is 
optimized as having possessed a tail (Plat- 
nick et al., 1991; Strong and Lipscomb, 
1999). 

Given these considerations, I have at- 
tempted in this study to maximally subject 
primary hypotheses of homology to falsifi- 
cation by favoring the use of binary charac- 
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TABLE 2 
Specimens Examined in Histological Collections? 


Taxon ID CRL SVL HL ST(um) S EM Ageb 
Blarina brevicauda Asher’s =25.0 15 HE P neo/postnatal 
collection 


Canis lupus 


Frankfurt Zoo specimen ZIUT 57 20.0 i2 ADP embryo 

Chrysochloris asiatica ZIUT 95.0 25.0 30 AH C neo/postnatal 

Crocidura russula 

(every second slice mounted) = ZJUT 65.0 =24.0 i5 A P neo/postnatal 

Didelphis azarae ZIUT 26 13.5 10 AD P embryo 

Echinops telfairi ZIUT 33 18.0 10 AH P fetus 

Echinops telfairi Asher’s 

(specimen from AIM) collection 35.0 20 HE P neo/postnatal 

Erinaceus europaeus ZIUT 37 19.0 10 A P embryo 

Erinaceus europaeus ZIUT 31 19.0 10/20 A P embryo 

Erinaceus “romanicus” 

(= E. concolor) ZIUT =35.0 40 A Cc neo/postnatal 

Geogale aurita MCZ 45499 =14.0 15 AD P neo/postnatal 

Geogale aurita MCZ 45504 26.0 30 AH  C neo/postnatal 

Geogale aurita ZIUT 50.0 43 21.0 151-38) AH P neo/postnatal 

20(39-80) 

Hemicentetes semispinosus HID 0581 42.5 25.0 10 KB,G P fetus 
(=MPIH 1964/86) 

Microgale dobsoni HID 0601 - 31.0 15.0 10 KB,G P fetus 
(=MPIH 1964/103) 

Microgale pusilla MNHN 1912-68 50 22.0 20 AD P neo/postnatal 
(in ZIUT collection) 

Micropotamogale lamottei IZEA 939 =50.0 40 AH C neo/postnatal 
(in ZIUT collection) 

Micropotamogale lamottet AIG C2273 I =7.3 10 WAP embryo 

Micropotamogale lamottei AIG C2273 Il =9.1 10 A/et al. P embryo 

Micropotamogale lamottei AIG B1227 =37.9 40-50 A Cc neo/postnatal 

oe Ar Pa, ORS ON ee ey ee 

Nandinia binotata AIG E2211 =11.0 10 A P embryo 

Orycteropus afer 

(only middle ear sections 

available) ZIUT 105.0 65.0 40 AH  C neo/postnatal 

Potamogale velox 

(Coll. Utrecht, M545) ZIUT 30 17.0 10 AD  P embryo 

Setifer setosus 

(1975, Poduschka collection) — ZIUT 30, 40 A C neo/postnatal 

Setifer setosus 

(=MPIH 1964/93) HID 0579 52.0 24.0 10 K-B P fetus 


Solenodon paradoxus 
(nose only) ZIUT 15 A P neo/postnatal 
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TABLE 2 
(Continued) 
Taxon ID CRL SVL HL ST(um) S§ EM Age? 
Solenodon sp. 
(currently at AMNH) MPIH 6863 123 87 15 A, P? neo/postnatal 
(middle ear only) PAS-AB 
Sorex araneus HID 0715 =12.5 10 A P embryo 
(= MPIH 1964/102a) 
Sorex araneus ZIUT 40 15 AD P neo/postnatal 
Tenrec ecaudatus ZIUT 32.0 20 10 AD P fetus 
Tenrec ecaudatus AMNH-B 14 10 A,HE  P embryo 
InSer20 
Tenrec ecaudatus AMNH-B 35 10 A,HE P neo/postnatal 
InSer49 





aAbbreviations: A, Azan stain, AD, Azan-Domagk stain; AH, Azan-Heidenhain stain; C, celloidin embedding medium; CRL, 
crown rump length, tip of head to rump in fetal position; EM, embedding medium; G, Gabe stain; HE, hematoxylin and eosin 
stain; HL, head length; ID, institutional provenance/other identification of specimen; K-B, Kliibe-Barerra stain; P, paraffin embed- 
ding medium; PAS-AB, periodic acid Schiff-alcian blue stain; S, stain; SVL, snout-vent length, from apex to coccyx (= SSL, Schei- 


tel-SteiB Linge); ST, slice thickness; WA, Weigert-Azophloxin stain. 


All units are in millimeters, except where noted. 


All series are cut in frontal (= coronal) sections, except where noted. 
bAge is divided into three categories based on development of deciduous teeth: embryo (teeth not fully developed), fetus (teeth 
not fully erupted), and neo/postnatal (teeth erupted). The postnatal category includes adults. 


ters, but have employed multistate characters 
in cases where binary coding would have re- 
sulted in overly redundant, morphologically 
unobserved, or (following Simmons and 
Geisler, 1998) uninformative characters. 


DESCRIPTION OF MORPHOLOGICAL 
CHARACTERS 


Many important reviews with information 
on mammalian cranial anatomy have been 
written during the past 150 years (e.g., Dob- 
son, 1882; Parker, 1885; Tandler, 1899; Fi- 
scher, 1901; Broom, 1896, 1897, 1916; Le- 
che, 1902, 1907; Sicher, 1913; De Beer, 
1929, 1937; Roux, 1947; Lindahl, 1948; 
Maier, 1980; MacPhee, 1981, Wible, 1984; 
Novacek, 1993). Several of these authors 
have focused on one or both of two anatom- 
ical regions: (1) arterial pattern to cranial or- 
gans and (2) anterior nasal capsule anatomy. 
Discussion in this paper is organized around 
these two areas. From these descriptions, 
several characters are presented. For some 
taxa, multiple sectioned individuals of dif- 
ferent ontogenetic stages are available (table 
2), allowing for description of polymor- 


phisms and differences during ontogeny. The 
approximate age of all specimens is listed in 
table 2. 

Anatomical descriptions are accompanied 
by frequent references to original histological 
sections (table 2). In the Zoologisches Insti- 
tut, Universitat Tiibingen (ZIUT) and Amer- 
ican Museum of Natural History Bluntschli 
(AMNH-B) collections, references to origi- 
nal sections are made by indicating the slide, 
column, and row numbers. For example, 
slide 11 of the ZIUT 20-mm head length 
(HL) Tenrec ecaudatus specimen (table 2) 
has 25 slices on it, distributed across 5 col- 
umns and 5 rows. The second anteriormost 
slice on this slide is the second slice of the 
first column, and would be indicated in the 
following text by “11.1.2”. More posterior 
slices are indicated by higher column and 
row numbers. Histological specimens pro- 
cessed by Heinz Stephan during his time at 
the Max Planck Institut fiir Hirnforschung 
(MPIH) in Frankfurt (e.g., Microgale dob- 
soni) are labeled according to the distance in 
0.01 mm units from the starting point of sec- 
tioning; thus, slice 200 is 2 mm posterior to 
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Fig. 3. 


Hypothesized pattern of cranial arterial supply in a primitive placental mammal (after Cart- 


mill and MacPhee, 1980 and Wible, 1984). Asterisks indicate an artery commonly found among ten- 
recids, but not necessarily inferred as part of primitive pattern by authors cited above. 


the tip of the rostrum and lies 2 mm anterior 
to slice 400. 


CRANIAL ARTERIAL SUPPLY 


Several authors have described what is hy- 
pothesized to be the primitive arterial pattern 
upon which modern placentals have acquired 
modifications to varying degrees (e.g., Bug- 
ge, 1974; Presley, 1979; Cartmill and 
MacPhee, 1980; Wible, 1984, 1987; Wible et 
al., 2001). The possibility that this pattern 
actually describes primitive states for tenre- 
cid or other insectivoran groups remains to 
be demonstrated. Nevertheless, it is useful 
for descriptive purposes and is shown in fig- 
ure 3. In addition to the proximal stapedial, 
internal, and external carotid branches dis- 
cussed by the above authors as primitive for 
placental mammals, figure 3 depicts several 
terminal branches of the stapedial and exter- 
nal carotid arteries that are frequently ob- 
served among tenrecids. 

In this primitive cranial arterial pattern, the 
common carotid artery ascends in the neck 
and divides into the internal and external ca- 
rotid arteries. Along the ventrum of the pars 
cochlearis, the internal carotid gives off the 
proximal stapedial artery and continues an- 
teriorly in a transpromontorial position (sen- 
su Wible, 1986). After passing through the 
stapes, and still within the middle ear, the 
stapedial artery bifurcates into superior and 


inferior rami. The superior ramus leaves the 
tympanic cavity, running dorsad and forward 
into the sinus canal. The inferior stapedial 
ramus continues anteriorly along the ventrum 
of the tympanic roof. After leaving the mid- 
dle ear, it bifurcates into the ramus infraor- 
bitalis and ramus mandibularis ventral to fo- 
ramen ovale (Wible, 1984: 40, 186; 1987: 
121). The ramus infraorbitalis runs forward 
toward the infraorbital canal and face, and 
the ramus mandibularis supplies the jaw. 

Through these carotid branches, most of 
the head receives blood supply: the brain and 
eye via the internal carotid artery (supple- 
mented by the vertebral arteries); the man- 
dible and infraorbital region via the inferior 
stapedial ramus; the meninges, supraorbital, 
and part of the nose via the superior stapedial 
ramus; and the occiput, tongue, face, pala- 
tine, buccal, and temporal regions via the ex- 
ternal carotid. Wible (1987) has noted that 
certain placentals (e.g., armadillos), and pos- 
sibly the basal eutherian Prokennalestes (Wi- 
ble et al., 2001), have a connection between 
the superior stapedial and occipital vascula- 
ture via the arteria diploética magna. Hence, 
this condition may also characterize the pla- 
cental common ancestor; however, the rela- 
tions of the arteria diploética magna were not 
recorded in this study. 

Among the mammals described below, 
Echinops and Micropotamogale best approx- 
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Fig. 4. Reconstruction of cranial arteries in Potamogale velox (ZIUT HL 17 mm). Orientation as in 


figure 2. 


imate the pattern shown in figure 3, exhib- 
iting variations only in supply to the eye. 
Otherwise, there are several deviations from 
this arterial pattern exhibited by living insec- 
tivorans in general and by tenrecids in par- 
ticular. These are described below in six ten- 
recs (Potamogale, Micropotamogale, Geo- 
gale, Microgale, Echinops, and Tenrec) and 
the hedgehog Erinaceus. The descriptions 
proceed from proximal to distal, starting at 
the carotid bifurcation, then following the in- 
ternal carotid, stapedial, and external carotid 
branches. In general, a common set of struc- 
tures is described for each specimen. How- 
ever, because the available histological spec- 
imens vary in quality, some specimens (e.g., 
the Echinops and 31-mm snout-vent length 
Erinaceus specimens) are described in slight- 
ly more detail than others. Descriptions are 
based on specimens listed after the taxonom- 
ic heading of each section. Using the tech- 
nique described above, a graphic reconstruc- 
tion of arteries present between the carotid 
bifurcation and the posterior jaw is presented 
for the tenrecs in figures 4-8. 


Potamogale velox (ZIUT, HL 17 mm; 
fig. 4) 


Common and internal carotid branches 


The bifurcation of the common carotid in 
Potamogale lies ventrolateral to the jugular 
ganglion, ventral to the superior cervical 
ganglion, and medial to the internal jugular 
vein (e.g., slice 44.1.5). 

The internal carotid enters the middle ear 
posteromedially, medial to the posterior di- 
gastric and lateral to the rectus capitis mus- 
cles (slice 43.3.4; fig. 9). In adult Potamo- 
gale, the internal carotid entrance (via the 
posterior carotid foramen) is defined by the 
tympanic process of the basisphenoid and the 
rostral tympanic process of the petrosal an- 
teromedially, and by the caudal tympanic 
process of the petrosal posterolaterally. In 
this 17-mm HL specimen, these elements are 
not fully ossified and no such foramen is ev- 
ident. After its entrance into the tympanic 
cavity, the internal carotid then travels an- 
terolaterally along the ventrum of the pars 
cochlearis, eventually giving off a stapedial 
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Figs. 5, 6. Reconstructions of cranial arteries; orientation as in figure 2. 5. (Left) Micropotamogale 
lamottei (IZEA 939); 6. (Right) Geogale aurita (MCZ 45499). 


branch (slice 40.3.3). Distal to this point, the 
internal carotid artery continues anterome- 
dially still on the ventrum of the pars coch- 
learis, accompanied by the internal carotid 
nerve (36.5.5). At the anteromedial margin 
of the pars cochlearis, dorsal to the auditory 
tube, the internal carotid artery enters the 
braincase via a foramen between the cartilag- 
inous basisphenoid and petrosal (36.1.1). As 
the internal carotid artery courses dorsome- 
dially, the cavernous venous sinus lies lateral 
to the artery and medial to the large trigem- 
inal ganglion. At this point the internal ca- 
rotid pierces the dura mater and joins the cir- 
culus arteriosus (33.3.4). 

Farther anteriorly, as the optic nerve is ev- 
ident passing through the cartilaginous orbi- 
tosphenoid, a branch of the circulus arterio- 
sus apparent above the optic nerve gives off 
a small ophthalmic artery that follows the 
nerve through the optic canal (27.5.6) and 
farther distally to the eye itself. 


Dorsal to the cavum epiptericum, a large 
branch from the circulus arteriosus runs lat- 
erally along the internal margin of the brain- 
case (29.5.6). This is the middle cerebral ar- 
tery. In the 17-mm HL Potamogale specimen 
branches from this vessel are thin-walled and 
difficult to trace, but they appear to annex 
most of the supply to the cranial meninges. 
This is accomplished in most other animals 
discussed here by the stapedial-supplied mid- 
dle meningeal artery. 


Stapedial branches 


Before its passage through the obturator 
foramen of the stapes, the stapedial artery 
gives off a posterior stapedial branch. This 
artery leaves the tympanic cavity and enters 
the stapedius fossa, where it supplies the sta- 
pedius muscle. It then courses laterally, pos- 
terior to the facial nerve, and ramifies as it 
passes into the occipital region. 
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Figs. 7, 8. Reconstructions of cranial arteries; orientation as in figure 2. 7. (top) Microgale dobsoni 
(MPIH 1964/103); 8. (bottom) Tenrec ecaudatus (ZIUT HL 20 mm). 


Distal to the stapes, the stapedial artery 
courses ventral to the facial canal. Still with- 
in the tympanic cavity, and at the anterior 
margin of the cartilaginous facial canal, it 


gives off a small superior ramus (slice 
38.3.5); this branch travels laterally on the 
roof of the middle ear, medial to the incus, 
and exits the tympanic cavity medial to the 
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epitympanic recess before entering the brain- 
case. Superior stapedial branches at this point 
are very small and hard to trace, but they 
appear to supply some temporal musculature 
via small foramina in the squamosal dorsal 
to the epitympanic recess, as well as a minor 
part of the cranial dura. In contrast to other 
tenrecids, and to insectivorans generally, the 
superior stapedial ramus of Potamogale is 
not a major cranial artery. This is consistent 
with the observation that the sinus canal (the 
anteroposteriorly directed conduit on the in- 
ternal aspect of the squamosal that carries the 
superior stapedial ramus in most insectivor- 
ans) is absent in adult Potamogale skulls 
(Asher, 1999; contra McDowell, 1958). 

After bifurcation of the superior and in- 
ferior rami, the inferior stapedial ramus 
courses anteromedially along the roof of the 
middle ear, medial to the malleus and lateral 
to the tensor tympani muscle (slice 37.2.3; 
see fig. 10). It leaves the middle ear anteri- 
orly, just anterolateral to the origin of the 
tensor tympani muscle, without passing 
through a foramen in the alisphenoid. Im- 
mediately posterior to foramen ovale, and 
within the fibers of the lateral pterygoid mus- 
cle, the inferior stapedial ramus bifurcates 
into the mandibular and infraorbital rami 
(slice 34.5.3). Distal to this bifurcation, the 
mandibular division of the trigeminal nerve 
exits the foramen ovale, traveling with the 
ramus mandibularis toward Meckel’s carti- 
lage. Farther anteriorly, the ramus infraorbi- 
talis passes dorsomedially through a foramen 
in the cartilaginous anlage of the alisphenoid, 
or the alisphenoid canal (e.g., slice 32.5.1). 
Thereafter, it runs within the secondary 
braincase, immediately ventral to the large 
trigeminal ganglion. 

Soon after exiting the sphenorbital fissure 
and entering the orbitotemporal fossa, still 
ventral to the first two trigeminal divisions, 
the ramus infraorbitalis gives off a buccal 
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branch laterally (27.5.5). Farther distally, the 
ramus infraorbitalis gives off a dorsal pala- 
tine branch medially (27.2.2), which courses 
ventromedially toward a sulcus leading to the 
palate, and gives off no major sphenopalatine 
branch, but supplies only the greater palatine 
artery. However, a vein is apparent traversing 
the dorsal palatine canal and draining the 
posterior nasal fossa ventrolaterally, via a fo- 
ramen superior to the greater palatine canal. 

Distal to the origin of the dorsal palatine 
artery, the ramus infraorbitalis continues in 
its path ventral to the maxillary division of 
the trigeminal nerve. As the maxillary divi- 
sion of the trigeminal approaches the infra- 
orbital canal, the artery divides into several 
sub-branches. One of these runs dorsolater- 
ally toward the eye (23.2.6); this may be a 
homologue of the ‘lacrimal’? branch, even 
though this specimen of Potamogale does 
not have a lacrimal gland. Another branch 
runs ventrolaterally, and within the short in- 
fraorbital canal, it enters a foramen in the 
maxilla as a superior alveolar artery (21.5.4). 
The remaining infraorbital arteries travel 
along with the branches of the maxillary di- 
vision of trigeminal, through the short infra- 
orbital canal, and supply the face. 


External carotid branches 


At a point very close to the carotid bifur- 
cation, two occipital branches leave the ex- 
ternal carotid, coursing posterolaterally 
(44.1.5). Both of these contribute to the ar- 
terial component of a vascular plexus (e.g., 
47.3.1) situated in a fascial plane between the 
sternomastoid (lateral) and posterior body of 
the digastric (dorsomedial). Rostral to this 
occipital plexus, the occipital artery sends a 
descending branch ventromedially that runs 
posterior to the common carotid, lateral to 
longus colli muscle fibers (47.3.1), and is ac- 
companied by a vein. This is probably the 


Figs. 9-14. Coronal sections through middle ear of tenrecid genera, as follows. 9. Potamogale velox 
(ZIUT HL17 mm), anterior to jugular foramen, slice 43.3.4. 10. Potamogale velox (ZIUT HL 17 mm), 
posterior to anterior carotid foramen, slice 37.2.5. 11. Micropotamogale lamottei ZEA 939), anterior 
to jugular foramen, slice 181.2.2. 12. Micropotamogale lamottei (IZEA 939), posterior to anterior carotid 
foramen, slice 177.2.1. 13. Geogale aurita (MCZ 45504), anterior to jugular foramen, slice 105.3.1. 14. 
Geogale aurita (MCZ 45504), anterior to anterior carotid foramen, slice 96.1.2. 
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carotid anastomotic channel for the deep cer- 
vical artery; however, it is impossible to be 
sure because the subclavian origin of the 
deep cervical artery takes place below the 
plane of sectioning in this specimen. 

Between the digastric muscle (laterally) 
and longus capitis (medially), and ventral to 
the hypoglossal nerve, the external carotid 
gives off two small branches ventromedially 
to the region of the larynx and thyroid gland 
(40.2.1). 

At a point lateral to the thyroid cartilage 
and medial to the hypoglossal nerve, the lin- 
gual artery leaves the external carotid trunk 
(37.2.3; fig. 10). It reaches the posterior mar- 
gin of the tongue via a path medial to fibers 
of the hyoglossus muscle and lateral to pos- 
terior hyoid cartilage. Dorsal to the body of 
the hyoid bone, it enters the tongue. 

Distal to the lingual artery, the external ca- 
rotid courses laterally in a plane dorsal to the 
digastric muscle and ventral to the anterior 
margin of the ectotympanic bone (37.2.3; fig. 
10). Here the external carotid divides into the 
facial artery, which initially travels dorsal to 
the digastric muscle, and a trunk for the pos- 
terior auricular, superficial temporal, and 
transverse facial arteries. No obvious poste- 
rior auricular artery is evident leaving the ex- 
ternal carotid. However, in the region where 
it is expected to originate from the external 
carotid (close to the facial and lingual arter- 
ies), vessels are small and difficult to trace; 
hence, its perceived absence may be an ar- 
tifact of preservation in this specimen. 


Micropotamogale lamottei IZEA 939; 
fig. 5) 


Common and internal carotid branches 


The common carotid artery bifurcates ven- 
tral and posterior to the auditory bulla 
(204.2.2), lateral to longus capitis and ven- 
tromedial to sternomastoid muscles. Com- 
pared to the younger specimen of Potamo- 
gale described above, the carotid in this Mi- 
cropotamogale specimen bifurcates at a more 
inferior point in the neck. The internal ca- 
rotid enters the middle ear via a foramen de- 
fined by the basisphenoid anteromedially and 
caudal tympanic process of the petrosal pos- 
terolaterally (186.1.2), and gives off the sta- 
pedial artery on the ventrum of the pars 
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cochlearis (181.2.2; fig. 11). Both arteries are 
of very large caliber relative to the inner ear. 
The internal carotid artery travels for a short 
distance dorsomedially, in a transpromonto- 
rial position, before entering the braincase 
via the anterior carotid foramen in the tym- 
panic roof, anteromedial to the pars coch- 
learis and lateral to the root of the basisphe- 
noid bullar wall (173.1.2; fig. 12). 


Stapedial branches 


Before passing through the stapes, the 
proximal stapedial artery gives off a poste- 
rior stapedial artery (183.2.1), which courses 
into the stapedius fossa and supplies the sta- 
pedius muscle. After passing through the sta- 
pes, the stapedial artery divides into superior 
and inferior rami medial to the epitympanic 
recess and within the middle ear (173.1.2). 
The superior ramus then enters the braincase 
via a foramen in the tympanic roof medial to 
the epitympanic recess, travels dorsolaterally 
toward the cranial sidewall, and enters the 
sinus canal. No temporal branches are evi- 
dent near the stapedial bifurcation, but they 
may originate farther distally from the su- 
perior stapedial ramus. 

The inferior stapedial ramus courses an- 
teromedially along the roof of the middle ear, 
passing medial to the ectotympanic anterior 
crus (165.2.1). At the posterior margin of the 
mandibular condyle and anterior margin of 
the ectotympanic, the inferior stapedial ra- 
mus leaves the middle ear medial to the au- 
ditory tube (163.2.1). Prior to the origin of 
the ramus mandibularis, the inferior ramus is 
separated from the trigeminal ganglion by 
the alisphenoid. It then passes ventral to the 
foramen ovale and bifurcates into the ramus 
mandibularis (coursing ventrolaterally with 
the mandibular trigeminal branch) and ramus 
infraorbitalis (154.2.2). Adjacent to this bi- 
furcation, anterior to the foramen ovale and 
posterior to the alisphenoid canal, is the 
opening of the transverse canal (156.2.1), 
which drains a sinus within the basisphenoid 
bone (McDowell, 1958: 147). Anterior to the 
foramen ovale, the ramus infraorbitalis 
courses medially, giving off muscular 
branches laterally, before entering the cavum 
epiptericum via the alisphenoid canal 
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(152.1.2) dorsal to the origin of the lateral 
pterygoid muscle (149.2.2). 

Slightly anterior to the lateral wall of the 
sphenorbital fissure, the ramus infraorbitalis 
gives off a buccal branch (114.1.2) that trav- 
els anterolaterally, amidst temporalis muscle 
fibers, dorsal to the toothbearing posterior 
maxilla, toward the lateral wall of the oral 
cavity. Medial to the origin of the buccal ar- 
tery, the dorsal palatine artery branches off 
from the ramus infraorbitalis (114.1.2). The 
dorsal palatine artery travels ventromedially 
toward the posterior palate, and sends off a 
sphenopalatine branch medially into the cho- 
anae of the nasal fossa, accompanied by a 
nerve, before continuing anteriorly as the 
greater palatine artery. 

The ramus infraorbitalis continues anteri- 
orly, ventral to the infraorbital nerve, and 
sends off a small arterial branch dorsally 
through the fibers of the nerve (103.1.1). 
This artery continues anteriorly with other 
infraorbital arterial and nervous branches, 
and passes through the short infraorbital ca- 
nal. Immediately distal to this small infraor- 
bital sub-branch, a superior alveolar artery is 
given off from the main ramus infraorbitalis 
(e.g., slice 99.2.1) and courses ventromedi- 
ally relative to the infraorbital nerve. In slice 
90.2.1, the main ramus infraorbitalis, travel- 
ing ventrolateral to the infraorbital nerve, di- 
vides again into two arteries of similar cali- 
ber, both of which travel through the infra- 
orbital canal along its ventrolateral margin 
(@:8;,, 85.2.1); 


External carotid branches 


At the carotid bifurcation, a small ascend- 
ing pharyngeal branch is evident running 
dorsomedially (199.2.2). Posterior to the bi- 
furcation, a slightly larger artery is visible 
branching from the carotid and coursing me- 
dially (206.2.1). For the same reasons enu- 
merated above for Potamogale, this is most 
likely the carotid anastomotic channel for the 
deep cervical artery. The occipital artery is 
apparent lateral to the separate external ca- 
rotid in slice 203.2.2. The next visible exter- 
nal carotid branch anterior to the carotid bi- 
furcation is a superior thyroid artery, running 
ventromedially (194.1.2). 

The external carotid then continues ante- 
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riorly, lateral to the thyropharyngeus (or in- 
ferior constrictor) muscle and medial to the 
digastric muscle (e.g., 173.1.2; fig. 12). Ven- 
tral to the anterior margin of the ectotym- 
panic and tubal canal, the external carotid di- 
vides into a lingual artery, a small branch 
that enters the body of the digastric muscle, 
and an arterial trunk for the facial and tem- 
poral external carotid branches (169.1.2). As 
in Potamogale described above, no posterior 
auricular artery is evident in this specimen. 


Geogale aurita (MCZ 45504, 45499; 
fig. 6) 


Common and internal carotid branches 


Unless specified otherwise, observations 
below are based on MCZ 45504. The carotid 
bifurcation is apparent between the sterno- 
mastoid (laterally) and longus capitis (medi- 
ally) muscles (107.1.2). Near the origin of 
the external carotid, an occipital artery is ev- 
ident beginning a posterolateral course from 
the common carotid (slice 106.2.1 of MCZ 
45504). This artery runs through lymphatic 
tissue continuous with the retropharyngeal 
region, and subsequently passes between the 
digastric (dorsally) and sternomastoid (ven- 
trolaterally) muscles, supplying nearby struc- 
tures en route, and eventually those in the 
occiput. 

The internal carotid runs dorsally, lateral 
to retropharyngeal lymphatic tissue (106.3.2; 
fig. 13). Very close to its entrance into the 
ventral apex of the tympanic cavity, defined 
posteriorly by the tympanic processes of the 
petrosal, the internal carotid gives off the 
proximal stapedial artery (106.3.2; fig. 13). 
The internal carotid artery then comes into 
contact with the pars cochlearis, running an- 
teromedially from the ventral apex of the 
pars cochlearis to the anterior carotid fora- 
men. This foramen is located lateral to the 
body of the sphenoid and medial to the an- 
terior pole of the petrosal, and provides pas- 
sage for the internal carotid into the brain- 
case, where it supplies the circulus arteriosus. 


Stapedial branches 


The proximal stapedial artery is evident 
passing through the stapes ventral to the fa- 
cial nerve (106.2.1; fig. 13). Just proximal to 
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the stapes, a posterior stapedial ramus is ev- 
ident coursing posterolaterally (107.3.1). 
Distal to the stapes, the proximal stapedial 
courses dorsolaterally, adjacent to the facial 
canal. Unfortunately, none of the available 
sectioned Geogale specimens (table 2) pre- 
serves ossifications in the middle ear per- 
fectly. Nevertheless, it is evident that prior to 
its bifurcation, the stapedial artery passes 
dorsal to the facial nerve and origin of the 
tensor tympani muscle via a foramen in the 
petrosal, close to the piriform fenestra. It bi- 
furcates into inferior and superior rami with- 
in the braincase (103.3.2; see also MCZ 
45499 slice 44.4.2). 

The superior stapedial ramus gives off a 
temporal branch via a foramen in the squa- 
mosal dorsal to the epitympanic recess. Dis- 
tally, it supplies the cranial meninges during 
its anterior course within the sinus canal. An- 
teriorly, branches from the superior stapedial 
ramus are evident leaving the sinus canal fo- 
ramen close to the dorsal margin of the 
sphenorbital fissure (e.g., in slice 27.4.4 of 
MCZ 45499). One of these arteries reenters 
the braincase via the ethmoid foramen and 
courses anteriorly on the dorsolateral margin 
of the nasal fossa, along the floor of the an- 
terior cranial fossa. Another courses antero- 
laterally ventral to the cranial sidewall, just 
medial to the origin of temporal musculature 
and dorsal to the optic nerve (e.g., slice 
26.1.1 of MCZ 45499). This supraorbital ar- 
tery, accompanied by a nerve, passes dorsal 
to the eyeball and supplies lacrimal gland tis- 
sue along the way. A stapedial-supplied oph- 
thalmic artery is evident coursing ventrally 
to a position adjacent to the optic nerve, at 
which point it moves laterally with the nerve 
toward the eyeball. 

The inferior stapedial ramus first becomes 
distinct at the lateral end of the geniculate 
ganglion of the facial nerve (MCZ 45504, 
Slice 102.3.2). It travels anteromedially lat- 
eral to the nerve and leaves the braincase via 
the piriform fenestra. The ramus inferior 
travels within the tympanic cavity until a 
point close to the anterior margin of the ec- 
totympanic (MCZ 45504, slice 92.3.2), 
where it passes through a distinct foramen in 
the alisphenoid bone and leaves the middle 
ear (e.g., MCZ 45499, slice 37.3.4). 

Ventral to foramen ovale and amidst fibers 
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of the mandibular division of the trigeminal 
nerve, the inferior stapedial ramus bifurcates 
into mandibular and infraorbital arterial rami 
(MCZ 45504, slice 88.1.1). Immediately af- 
ter its origin, the ramus mandibularis gives 
off a branch laterally that travels dorsal to 
the lateral pterygoid muscle toward the tem- 
poromandibular joint (86.2.1) and is accom- 
panied by a nerve from the mandibular di- 
vision of the trigeminal. The artery and nerve 
pass just anterior to the synovial capsule of 
the temporomandibular joint and enter the 
body of the temporalis muscle as the muscle 
inserts along the posterior margin of the cor- 
onoid process (e.g., slice 31.3.4 of MCZ 
45499). 

The ramus infraorbitalis travels anteriorly, 
past foramen ovale and mandibular nerve fi- 
bers, before entering the cavum epiptericum 
via an alisphenoid canal and running ventral 
to branches of the trigeminal nerve (MCZ 
45499, slice 33.1.3). At the sphenorbital fis- 
sure, the ramus infraorbitalis gives off a buc- 
cal artery laterally, followed thereafter by a 
dorsal palatine artery that courses ventro- 
medially into a common recess leading to the 
sphenopalatine and greater palatine foramina 
(slice MCZ 45499, slice 26.4.2). Just poste- 
rior to the maxillary toothrow, a superior al- 
veolar artery is evident leaving the ramus in- 
fraorbitalis (MCZ 45499, slice 23.4.5). Distal 
to the superior alveolar artery, the ramus in- 
fraorbitalis divides into two smaller arteries 
that remain in proximity to the infraorbital 
nerve as it passes through the infraorbital ca- 
nal. 


External carotid branches 


The first visible branch from the external 
carotid is a common trunk for the ascending 
pharyngeal and a branch that anastomoses 
with the deep cervical branch of the subcla- 
vian artery (slice 104.2.2). The latter artery 
runs medially from the external carotid and 
starts a posteroinferior course just lateral to 
the longus capitis muscle. The ascending 
pharyngeal artery travels dorsally lateral to 
the longus capitis muscle, sends off branches 
into nearby lymphatic tissue, and courses 
dorsomedially toward the skull base. Distal 
to the ascending pharyngeal trunk, the exter- 
nal carotid gives off a superior thyroid artery 
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Figs. 15-20. Coronal sections through middle ear of tenrecid genera, as follows. 15. Microgale 
dobsoni (MPIH 1964/103), anterior to jugular foramen, slice 1190. 16. Microgale dobsoni (MPIH 1964/ 
103), through anterior carotid foramen, slice 1080. 17. Echinops telfairi (ZYUT HL 18 mm), anterior to 
jugular foramen, slice 68.1.1. 18. Echinops telfairi (ZI1UT HL 18 mm), posterior to anterior carotid 
foramen, slice 63.4.2. 19. Tenrec ecaudatus (ZIUT HL 20 mm), anterior to jugular foramen, slice 67.1.4. 
20. Tenrec ecaudatus (ZI1UT 20 mm), posterior to anterior carotid foramen, slice 61.2.4. 
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(slice 101.2.2). No other major branches 
leave the external carotid until after it passes 
medial to a slip of thyropharyngeus muscle 
(e.g., slice 96.1.2; fig. 14). Distal to this 
point, the external carotid divides into a lat- 
erally coursing trunk for the facial, posterior 
auricular, superficial temporal, and transverse 
facial arteries, and an anteriorly coursing 
trunk for the lingual artery (e.g., slice 39.1.4 
in MCZ 45499). Close to this division, it also 
gives off a small branch that travels toward 
the submandibular gland. After giving off the 
facial artery, the lateral trunk courses poste- 
rior and slightly ventral to the angular pro- 
cess of the jaw (e.g., slices 40.1.3 to 40.3.3 
in MCZ 45499); it does not travel in the 
space between the condyle and angular pro- 
cess as is the case in some other specimens 
(e.g., Echinops) described here. 


Microgale dobsoni (MPIH 1964/1103; 
fig. 7) 


Common and internal carotid branches 


The internal and external carotid arteries 
bifurcate lateral to the longus capitis muscle 
and posteroventral to the superior cervical 
ganglion (1130). The ascending pharyngeal 
(running dorsomedially) and a branch to the 
thyroid region (ventromedially) are evident 
at the bifurcation (1140). The occipital artery 
also takes its origin from this region, evident 
proximally in its lateral course sandwiched 
between the internal jugular vein and com- 
mon carotid (1150). 

The internal carotid artery enters the mid- 
dle ear lateral and anterior to the superior 
cervical ganglion (slice 1190; fig. 15). In 
most adult Microgale skulls, the rostral and 
caudal tympanic processes of the petrosal 
form a low ridge that weakly defines a sul- 
cus, dorsal to which the internal carotid en- 
ters the middle ear (MacPhee, 1981: 209). 
However, no discrete posterior carotid fora- 
men is present, and the internal carotid enters 
the middle ear via an unossified membrane 
medial to the posterior digastric muscle and 
posterior to Reichert’s cartilage (slice 1190; 
fig. 15). Within the middle ear, the internal 
carotid artery courses anteromedially along 
the ventrum of the pars cochlearis, eventually 
entering the braincase via an anterior carotid 
foramen medial to the anterior petrosal, with- 
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in the epitympanic wing of the sphenoid 
(slice 1080; fig. 16). An older M. pusilla in- 
dividual (table 2) also shows the foramen 
within the sphenoid tympanic roof, but far- 
ther anterior to the pars cochlearis (e.g., slice 
51.3.1). This variability (due either to ontog- 
eny or interspecific difference) corresponds 
with the uncertainty expressed by MacPhee 
(1981: 209) as to the position of the anterior 
carotid foramen in Microgale. He figured (p. 
209) the anterior carotid foramen as occur- 
ring within the piriform fenestra close to the 
sphenoid-petrosal suture, or more anteriorly 
within the sphenoid epitympanic wing. 

Anterior to the entrance of the internal ca- 
rotid artery into the braincase, as the optic 
nerve leaves the braincase via the optic ca- 
nal, an ophthalmic artery originates from the 
circulus arteriosus and runs with the nerve 
inside the canal (e.g., slice 830). 


Stapedial branches 


A posterior stapedial arterial ramus of 
large-caliber branches off from the proximal 
stapedial ventral to the stapes (slice 1190; 
fig. 15). The posterior ramus courses laterally 
through the stapedius fossa and continues 
posterolaterally to enter the occipital region 
at a point ventral to the petromastoid and 
dorsolateral to the posterior body of the di- 
gastric muscle (slice 1280). 

Distal to its passage through the stapes, the 
stapedial artery travels along the medial roof 
of the epitympanic recess, lateral to the facial 
canal. At this point, still within the tympanic 
cavity, the stapedial bifurcates into superior 
and inferior rami, both of large caliber (slice 
1130). The superior ramus passes through a 
foramen in the roof of the epitympanic recess 
to supply the cranial meninges and enter the 
sinus canal. The inferior ramus courses an- 
teriorly along the roof of the middle ear, 
passing lateral to the origin of the tensor 
tympani muscle. As the inferior ramus passes 
ventral to foramen ovale, it bifurcates into 
mandibular and infraorbital arterial rami 
(slice 960). The ramus mandibularis follows 
the mandibular branch of the trigeminal 
nerve toward the mandibular foramen of the 
jaw. The ramus infraorbitalis runs anteriorly, 
passing through the alisphenoid canal and 
coursing ventral to the trigeminal ganglion. 
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The ramus infraorbitalis emerges from the 
inferior margin of the sphenorbital fissure 
ventral to the infraorbital nerve and medial 
to a large vein (slice 800). As the sphenor- 
bital fissure opens into the orbitotemporal 
fossa, the ramus infraorbitalis gives off two 
branches (slice 770): one dorsolaterally to 
supply a buccal artery and the lacrimal and 
orbital regions, and another ventromedially 
to supply the dorsal palatine and sphenopal- 
atine arteries. Above the posterior margin of 
the maxillary toothrow, the ramus infraorbi- 
talis gives off a superior alveolar artery, 
which passes through a foramen in the max- 
illa at the posterior margin of the infraorbital 
canal to supply the upper cheek teeth. As the 
ramus infraorbitalis enters the infraorbital ca- 
nal, it ramifies with the branches of trigem- 
inal maxillary nerve; by the anterior margin 
of the canal, both artery and nerve show dis- 
tinct branches for supply of the face (slice 
570). 


External carotid branches 


Very close to the carotid bifurcation, the 
occipital artery originates ventral to the hy- 
poglossal nerve and medial to the internal 
jugular vein (slice 1150). As the occipital ar- 
tery passes ventral to the jugular vein, the 
vein gives off an accompanying vessel (slice 
1200). The occipital artery then enters a fas- 
cial plane between the digastric and sterno- 
mastoid muscles and continues to course 
posterolaterally. 

Just anterior to the origin of the occipital 
artery, the external carotid gives off dorso- 
medially running ascending pharyngeal and 
ventromedially running anastomotic deep 
cervical branches (slice 1140). Larger than 
both of these is the superior thyroid artery, 
originating slightly more distally from the 
external carotid and coursing ventrally adja- 
cent to the thyroid cartilage. Immediately af- 
ter giving off the superior thyroid artery, the 
external carotid passes medial to a slip of 
thyropharyngeus muscle (slice 1100: fig. 16). 
Distal to this slip of muscle, the external ca- 
rotid divides into the lingual artery, a branch 
to the submandibular gland, and a common 
trunk for the facial, posterior auricular, and 
distal branches to the temporal and facial re- 
gions (slice 1020). 
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Echinops telfairi (ZIUT, HL 18 mm; 
fig. 2) 


Common and internal carotid branches 


The common carotid bifurcates immedi- 
ately ventral to the superior cervical ganglion 
and medial to the internal jugular vein 
(68.1.1; fig. 17). 

After its separation from the external ca- 
rotid (e.g., slice 67.4.1), the internal carotid 
travels anterolaterally toward the middle ear 
promontory. As in other adult tenrecines, the 
posterior ventrum of the auditory bulla is not 
ossified, and the internal carotid passes 
through no foramen as it enters the tympanic 
cavity. The internal carotid reaches the pro- 
montorium and gives off the proximal sta- 
pedial artery (63.4.2; fig. 18). The superior 
cervical ganglion lies medial and posterior to 
the artery as it reaches the pars cochlearis 
(68.1.1; fig. 17), and sends off the internal 
carotid nerve to accompany the internal ca- 
rotid artery as it travels on the ventrum of 
the pars cochlearis. After the internal carotid 
artery gives off the stapedial branch (63.4.2; 
fig. 18), the internal carotid artery and nerve 
course to the anteromedial margin of the pars 
cochlearis, where they enter the braincase via 
a foramen in the sphenoid, posterior and dor- 
sal to the auditory tube (e.g., slice 54.3.2). 
Shortly thereafter, the internal carotid artery 
pierces the dura mater and joins the circulus 
arteriosus, medial to the trigeminal nerve 
(50.4.2). 


Stapedial branches 


Prior to passing through the obturator fo- 
ramen of the stapes, the proximal stapedial 
artery gives off a small posterior stapedial 
ramus (65.2.2) which exits the tympanic 
cavity posterolaterally, adjacent to the facial 
nerve. Lateral to the stapes, the stapedial ar- 
tery runs ventral to the facial canal, at which 
point (still within the middle ear) it divides 
into large superior and inferior rami 
(60.3.2). The superior ramus enters the 
braincase via a foramen in the roof of the 
epitympanic recess, where it supplies 
branches to the meninges and temporal mus- 
culature (slice 58.4.4) before entering the si- 
nus canal. 
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As the superior stapedial ramus leaves the 
sinus canal anteriorly through a foramen in 
the partially ossified alisphenoid bone (e.g., 
37.5.3), located in the dorsal margin of the 
sphenorbital fissure, it supplies the ophthal- 
mic artery. The latter vessel courses adja- 
cent to the optic nerve and follows it toward 
the eyeball. Anterior to the ophthalmic ar- 
tery, the superior stapedial ramus gives off 
two arteries that enter the anterior cranial 
fossa via ethmoid foramina: one medially, 
supplying the posterior ethmoidal region via 
olfactory foramina of the cribriform plate, 
and another laterally, supplying the menin- 
ges of the anterior cranial fossa (33.5.4). 
The distalmost portion of the superior sta- 
pedial ramus, the supraorbital artery, re- 
mains extracranial after leaving the dorsal 
margin of the sphenorbital fissure, and runs 
anteriorly along a path ventral to a venous 
sinus, medial to the eye, and lateral to the 
nasal capsule (slice 34.3.3). 

The inferior stapedial ramus continues on 
the roof of the middle ear, just lateral to the 
tensor tympani muscle. Anterior to the co- 
chlea, medial to the posterior margin of the 
jaw joint, the inferior ramus exits the tym- 
panic cavity via a foramen within the body 
of the alisphenoid (53.1.2), immediately 
posterior to the foramen ovale. As the in- 
ferior ramus passes ventral to the foramen 
ovale, it bifurcates into a large ramus man- 
dibularis, accompanied in its ventrolateral 
course by the mandibular division of the tri- 
geminal nerve (50.4.2), and a ramus infraor- 
bitalis that continues anteriorly. Immediate- 
ly after its origin, the ramus mandibularis 
gives off a branch to the temporomandibular 
joint that courses laterally along the poste- 
rior margin of the glenoid fossa, dorsal to 
the body of the lateral pterygoid muscle 
(50.4.2). 

Unlike most other tenrecs examined here, 
the ramus infraorbitalis does not reenter the 
braincase via a distinct alisphenoid canal, 
but instead via the anterior part of the fo- 
ramen ovale. Once in the cavum epipteri- 
cum, the infraorbital runs ventrally to the 
trigeminal ganglion and gives off small 
branches to surrounding structures (e.g., 
ventrally to the medial pterygoid muscle via 
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the anterior portion of foramen ovale in 
slice 48.4.4). Anterior to the cavum epipter- 
icum, as the sphenorbital fissure opens lat- 
erally into the orbitotemporal fossa, the in- 
fraorbital gives off a large buccal branch lat- 
erally (slices 37.5.2 and 41.2.2). This artery 
travels anterolaterally, passing posterior to 
the upper toothrow to supply the buccal wall 
of the oral cavity. The ramus infraorbitalis 
then gives off a dorsal palatine branch me- 
dially (37.5.2). Accompanied by the dorsal 
palatine nerve, this artery enters a common 
recess for the sphenopalatine and greater 
palatine vessels and nerves. Distally within 
the descending palatine canal, the dorsal 
palatine artery divides into a greater palatine 
(e.g., slice 33.5.4) and smaller sphenopala- 
tine branch. The former courses ventrome- 
dially toward the dorsal margin of the hard 
palate, accompanied by the greater palatine 
nerve. The sphenopalatine branch continues 
medially and passes into the respiratory 
channel of the nasal fossa. 

Distal to its palatine branches, the ramus 
infraorbitalis continues its anterior course 
ventral to the infraorbital nerve. At a point 
dorsal to the posterior margin of the upper 
toothrow, the ramus infraorbitalis sends lat- 
erally a common trunk for the lacrimal and 
superior alveolar arteries (slice 30.2.4). 
Within the short infraorbital canal, the ra- 
mus infraorbitalis divides into several dis- 
tinct branches, most of which travel with 
branches of the maxillary division of the tri- 
geminal to structures of the face (slice 
IE D753): 


External carotid branches 


Very close to the carotid bifurcation, the 
external carotid gives off a single arterial 
trunk that in turn divides into two branches: 
the occipital artery laterally, and a common 
trunk leading to ascending pharyngeal, lym- 
phatic, and deep cervical branches medially. 
This trunk leaves the external carotid di- 
rectly ventral to the superior cervical gan- 
glion (68.1.1; fig. 17) and supplies a slender, 
dorsomedially running ascending pharyn- 
geal branch that courses along the medial 
margin of the longus capitis muscle (slice 
66.3.1; fig. 17), supplying it en route to a 
space between the basisphenoid and medial 
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promontory. No major extension of the as- 
cending pharyngeal artery enters the brain- 
case. Ventral to the origin of the ascending 
pharyngeal artery from the medial trunk is 
another artery that courses posteromedially 
(slices 70.2.1, 68.1.1; fig. 17). Lateral to the 
Sympathetic cervical chain, this artery 
breaks up into smaller vessels supplying the 
lymphatic tissue between the basisphenoid 
and posterior pharyngeal region (70.2.1). 
One branch from this artery travels poster- 
oventrally, lateral to longus capitis, longus 
colli, and transverse processes of superior 
cervical vertebrae. 

The occipital trunk runs laterally adjacent 
to the hypoglossal nerve (70.2.1). Farther 
distally, it connects to a large, ventromedially 
coursing recurrent branch that communicates 
with retropharyngeal lymphatic tissue (slice 
71.2.2). Distal to this point it gives off a 
small posterior meningeal branch that fol- 
lows the hypoglossal nerve toward the hy- 
poglossal foramen (slice 72.3.2) and into the 
posterior cranial fossa. The occipital artery 
then courses posterolaterally toward the oc- 
ciput in a plane between the posterior digas- 
tric and sternomastoid muscles. 

Anterior to the occipital-ascending pha- 
ryngeal trunk and lateral to the thyroid car- 
tilage, the external carotid gives off a large 
ventromedially running superior thyroid ar- 
tery (slice 66.2.1). Anterior to the origin of 
the superior thyroid, the external carotid 
passes medial to a slip of thyropharyngeus 
muscle (e.g., slice 63.4.2; fig. 18), emerging 
from this brief lateral cover as the stylopha- 
ryngeus muscle passes dorsally over it (slice 
61.4.2). Dorsolateral to the thyroid cartilage 
the external carotid divides into a laterally 
coursing common trunk for the facial, tem- 
poral, and posterior auricular branches 
(58.3.1) and a medially coursing trunk for the 
mylohyoid, submandibular, and lingual arter- 
ies. Anteriorly, the lateral trunk gives off a 
superficial temporal/transverse facial trunk 
that runs anterolaterally toward the posterior 
margin of the jaw, ventral to the mandibular 
condyle and dorsal to the angular process of 
the mandible. The facial artery is situated at 
the inferior margin of the mandible during 
much of its anterior course (e.g., slice 
S37, 12). 
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Tenrec ecaudatus (ZIUT, HL 20 mm; 
fig. 8) 


Common and internal carotid branches 


The common carotid bifurcates lateral to 
the longus capitis muscle and medial to the 
ventrally running vagus nerve (e.g., slices 
64.4.4 and 65.4.4). 

The internal carotid enters the posteriorly 
unossified middle ear lateral to the superior 
cervical ganglion, medial to the digastric 
muscle (70.2.4), and is accompanied by the 
internal carotid nerve. It then turns anteriorly 
onto the ventrum of the cochlea, giving off 
the stapedial branch (slice 67.1.4; fig. 19). 
The internal carotid artery then continues an- 
teriorly, entering the braincase medial to the 
pars cochlearis via a foramen in the basi- 
sphenoid close to its articulation with the pe- 
trosal. Well anterior to the entrance of the 
internal carotid artery into the braincase, a 
branch from the circulus arteriosus is appar- 
ent within the optic canal, traveling with the 
optic nerve (46.1.2). This ophthalmic artery 
continues anteriorly with the nerve to supply 
the eyeball. 


Stapedial branches 


The proximal stapedial passes through the 
obturator foramen of the stapes (67.1.4; fig. 
19) without giving off a posterior stapedial 
branch. It then continues dorsolaterally, ven- 
tral to the facial nerve, dorsal to the malleus 
within the epitympanic recess, entering the 
cranial cavity via a space just medial to the 
Ssquamosal tympanic roof (slice 61.3.4). 
Within the braincase, it travels lateral to a 
venous sinus and medial to the cranial dip- 
loé, supplying the middle meningeal artery. 
No inferior stapedial ramus is evident 
throughout the course of the stapedial artery 
through the tympanic region. 


External carotid branches 


Close to the carotid bifurcation, a very 
small ascending pharyngeal artery is appar- 
ent coursing dorsomedially, lateral to fibers 
of the longus capitis muscle and medial to 
the hypoglossal nerve (e.g., slice 67.1.4; fig. 
19). The occipital artery also leaves the ca- 
rotid stem close to its bifurcation and courses 
posteriorly along the ventromedial margin of 
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the digastric muscle, following the muscle to 
its origin. As in Potamogale, the occipital ar- 
tery forms a vascular plexus associated with 
several venous channels ventral to the origin 
of the digastric muscle (e.g., slice 78.3.4). 

Sharing a common trunk with the occipital 
artery is a small branch that travels posteri- 
orly, immediately lateral to longus capitis 
and colli muscles (e.g., slice 66.4.4), toward 
the atlantoaxial joint, at which point is be- 
comes small and difficult to trace. 

Anterior to the carotid bifurcation, the ex- 
ternal carotid courses anteromedially and 
gives off a superior thyroid branch that 
courses ventromedially toward the thyroid 
gland and cartilage (62.4.4). Distal to this 
branch, a slip of muscle attaching to the thy- 
roid lamina and a ligamentous raphe con- 
nected dorsally to the basicranium (thyro- 
pharyngeus or inferior pharyngeal constric- 
tor) passes lateral to the external carotid 
(61.2.4; fig. 20). 

Lacking an inferior stapedial ramus, the 
jaw and infraorbital region of Tenrec ecau- 
datus are supplied via branches of the exter- 
nal carotid. At a point defined by the tym- 
panic membrane dorsally, hypoglossal nerve 
medially, and digastric muscle ventrally, the 
external carotid bifurcates into a large, lat- 
erally running trunk and an anteriorly run- 
ning lingual artery, which supplies the 
tongue. The laterally running trunk first gives 
off facial and posterior auricular arteries 
(e.g., slice 62.3.1). At a point between the 
angular process and condyle of the mandible, 
it bifurcates into a trunk for the superficial 
temporal and transverse facial arteries, and a 
larger trunk for the mandibular and infraor- 
bital arterial rami (57.2.2). As it reaches the 
superior margin of Meckel’s cartilage, this 
trunk divides into the ramus infraorbitalis 
and ramus mandibularis (53.4.1). The former 
runs ventral and posterior to the mandibular 
division of the trigeminal nerve and contin- 
ues medially to enter the alisphenoid canal 
slightly anterior to the foramen ovale 
(51.1.2). Thereafter, the ramus infraorbitalis 
runs ventral to the trigeminal nerve within 
the cavum epiptericum. The ramus mandi- 
bularis continues anteriorly dorsolateral to 
Meckel’s cartilage and medial to the jaw. 
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Erinaceus europaeus (ZIUT, SVL 31 and 
37 mm), E. concolor (ZIUT, HL 33 mm) 


Common and internal carotid branches 


The common carotid in Erinaceus euro- 
paeus (ZIUT 31-mm SVL) bifurcates as it is 
sandwiched lateral to the superior cervical 
ganglion and medial to the vagus nerve, 
close to the jugular ganglion (e.g., slide 55 
of the 3l-mm SVL individual). Just as the 
internal carotid branch is about to enter the 
middle ear, the ascending pharyngeal leaves 
the internal carotid and moves dorsomedially 
(56.2.2), giving off branches medially en 
route (slice 54.3.2). A large artery, presum- 
ably occipital, is evident lateral to the ster- 
nomastoid muscle in all three available Eri- 
naceus specimens (e.g., slices 54.1.1 to 
50.2.4 in the 3l-mm SVL individual). In 
more anterior slices, this large artery runs 
ventrally, following the common carotid into 
the neck and presumably joining with it. The 
origin of this artery from the common carotid 
well proximal to the internal-external bifur- 
cation seems likely based on their proximity 
on the inferior margin of the sections. How- 
ever, this cannot be verified, as both arteries 
run below the plane of sections in all avail- 
able Erinaceus specimens. 

After the internal carotid gives off the 
proximal stapedial artery within the tympan- 
ic cavity, the internal carotid artery continues 
anteromedially along the ventrum of the pars 
cochlearis accompanied by the internal ca- 
rotid nerve, and enters the braincase via the 
anterior carotid foramen, located between the 
basisphenoid and cochlea (e.g., 57.1.3 of the 
37-mm SVL E. europaeus). The greater pe- 
trosal nerve leaves the facial geniculate gan- 
glion and joins the internal carotid nerve 
shortly before the anterior carotid foramen 
(e.g., slice 50.1.2 in the 31-mm SVL E. eu- 
ropaeus, slice 57.1.3 in the 37-mm SVL E. 
europaeus, and slice 141.1.2 in the adult E. 
concolor). This nerve enters the pterygoid 
‘“‘canal’”’ (which is actually very short in the 
younger specimens) at the anteromedial mar- 
gin of the ventral cochlea, just anterior to the 
anterior carotid foramen (e.g., slice 47.3.3 in 
the 3l-mm SVL E. europaeus). In the E. 
concolor specimen, a very small vidian ar- 
tery runs anteromedially from its internal ca- 
rotid origin and is situated medial to the 
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nerve of the pterygoid canal throughout most 
of its course (e.g., slice 129.2.1). 

In the younger specimens (31-mm SVL 
and 37-mm SVL E. europaeus), the ophthal- 
mic artery arises from the internal carotid 
(via the circulus arteriosus) and accompanies 
the optic nerve through the optic canal. How- 
ever, the E. concolor specimen shows a se- 
ries of arteries arising from the infraorbital 
that supply optic structures; no artery accom- 
panies the optic nerve through the optic ca- 
nal. Bugge (1974: fig. 4B), based presumably 
on adult specimens, also figured optic supply 
as arising from the inferior stapedial ramus 
(which is posteriorly continuous with the in- 
fraorbital) in Erinaceus europaeus. Interest- 
ingly, he figures optic blood supply in anoth- 
er erinaceine, Hemiechinus auritus, as arising 
from the superior stapedial ramus (1974: fig. 
4A). 


Posterior stapedial branches of Erinaceus 


Just prior to passing through the stapes, 
the proximal stapedial artery of the 31-mm 
SVL Erinaceus individual gives off a pos- 
teriorly running posterior stapedial ramus 
(56.2.2). This artery enters the stapedius fos- 
sa, then runs ventral to the digastric muscle 
just prior to passing into the occiput (slice 
61.3.1), appearing relatively large in caliber. 

MacPhee (1981: 202—203) noted that the 
posterior stapedial artery was not universally 
present in the Erinaceus samples available to 
him. He suggested that in older specimens, 
this ramus involutes. In the different sample 
available for this study there is also variation; 
only the specimen described above (the 
smallest and presumably youngest individu- 
al) shows a posterior ramus originating im- 
mediately medial to the stapes, proximal to 
the passage of the stapedial artery through 
the obturator foramen. Neither the 37-mm 
SVL Erinaceus europaeus nor the postnatal 
E. concolor show a branch leaving the prox- 
imal stapedial prior to passing through the 
stapes within the tympanic cavity. However, 
both of these specimens show a posterolat- 
erally directed branch with a more proximate 
carotid origin, close to the bifurcation and 
ventromedial to the middle ear. In the E. con- 
color specimen, this branch leaves the inter- 
nal carotid dorsal to a mass of thyroid glan- 
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dular tissue and the hypoglossal nerve and 
ventrolateral to longus capitis muscles 
(190.1.2). It then runs laterally toward the 
posterior origin of the digastric muscle, at 
which point it curves dorsolaterally around 
the petromastoid bone and gives off branches 
en route (210.1.2). In the 37-mm SVL Eri- 
naceus specimen, an arterial branch leaves 
the carotid very close to its bifurcation, shar- 
ing a common trunk with the ascending pha- 
ryngeal artery (68.3.2). It then runs laterally, 
passing dorsal to the hypoglossal nerve, pos- 
terolateral to the jugular (vagus) ganglion, 
anterior to the internal jugular vein, and be- 
tween the digastric (dorsally) and sternomas- 
toid (ventrally) muscles (slice 74.1.4). As it 
runs behind the skull, it curves around the 
ventral margin of the petromastoid. 

In its relationship to the petromastoid and 
posterior digastric, this branch resembles the 
posterior stapedial artery of the younger Er- 
inaceus individual. However, in its relation- 
ship to the hypoglossal nerve, sternomastoid 
muscle, ascending pharyngeal (of the 37 mm 
SVL specimen), and jugular vein, it resem- 
bles the occipital artery of most other ani- 
mals described here. If this branch is an oc- 
cipital artery, the identity of the large, later- 
ally coursing vessel present in all three Evi- 
naceus specimens would be in question. 

Bugge (1974: plate 1B) figured a large ar- 
tery supplying the occiput with an origin 
close to the carotid bifurcation; however, the 
figure is cropped distal to the bifurcation, so 
it is unclear if the origin of this “‘occipital”’ 
artery is proximal to this point. Less ambig- 
uous is Tandler (1899:746), who documented 
in at least one Erinaceus europaeus individ- 
ual an occipital artery that originates from 
the internal carotid close to its origin, distal 
to the carotid bifurcation. 

Hence, three conclusions may be drawn 
based on these observations: (1) the posterior 
stapedial artery is unambiguously present in 
only the smallest (and presumably youngest) 
of the Erinaceus specimens described here, 
(2) all three Erinaceus specimens observed 
in this study (table 2) show a large artery 
supplying the occipital region that most like- 
ly originates from the common carotid, ven- 
tral to its bifurcation, and (3) given the re- 
sults of Tandler (1899), some polymorphism 
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regarding the origin of the occipital artery is 
present in Erinaceus. 


Other stapedial branches 


Lateral to the stapes obturator foramen, the 
stapedial artery bifurcates into superior and 
inferior rami ventral to the facial canal, with- 
in the tympanic cavity (51.1.1 of 31-mm 
SVL Erinaceus). The superior stapedial ra- 
mus then enters the braincase via a foramen 
medial to the malleus in the epitympanic re- 
cess and enters the sinus canal, where it sup- 
plies cranial meninges and, via laterally run- 
ning branches that pierce the squamosal, 
temporal musculature. 

Anteriorly, as the superior stapedial leaves 
the sinus canal foramen in the E. concolor 
specimen, it gives off a supraorbital branch 
laterally and a trunk for two terminal branch- 
es: one entering the anterior braincase on the 
posterolateral nasal roof (ethmoidal artery), 
and the other turning dorsally and entering 
the diploé of the anterior cranial fossa (an- 
terior meningeal artery; see E. concolor slice 
103.1.1). In the younger two Erinaceus spec- 
imens, supraorbital and ethmoidal branches 
are also evident. However, the distal superior 
ramus branches of the younger two speci- 
mens differ from FE. concolor in some re- 
spects. First, the anterior meningeal branch 
of the 37-mm SVL E. europaeus specimen 
is highly reduced. Second, the 31-mm SVL 
E. europaeus shows a small branch moving 
ventrally toward the lacrimal region proximal 
to its ethmoidal branches. 

Distal to the bifurcation of the inferior and 
superior stapedial rami in the 31-mm SVL E. 
europaeus specimen (51.1.1), the inferior ra- 
mus travels along the roof of the middle ear, 
runs anterior to the origin of the tensor tym- 
pani muscle, and leaves the tympanic cavity 
without passing through any bony foramen. 
However, in the older E. concolor specimen, 
and in some dried adult skulls (e.g., ZIUT 
m140), a foramen in the alisphenoid for pas- 
sage of the inferior ramus is evident. Ventral 
to foramen ovale, amidst fibers of the trigem- 
inal mandibular division, the inferior ramus 
bifurcates into mandibular and infraorbital 
arterial rami (47.2.3). Distal to this bifurca- 
tion, the ramus infraorbitalis courses anteri- 
orly along the margin of the alisphenoid 
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bone. At no point in any of the available Er- 
inaceus specimens does the ramus infraor- 
bitalis reenter the braincase via an alisphe- 
noid canal or travel within the cavum epip- 
tericum. However, in the 31 mm SVL E. eu- 
ropaeus specimen, the ramus infraorbitalis 
passes through a short alisphenoid canal with 
an anterior terminus lateral to the sphenor- 
bital fissure, osteologically similar to the 
condition in Galerix as figured by Butler 
(1988: 119). 

Slightly anterior to the opening of the 
sphenorbital fissure in the 31-mm SVL E. eu- 
ropaeus, the ramus infraorbitalis gives off 
three branches: a small artery that runs lat- 
erally to the masseter, the dorsal palatine ar- 
tery that runs medially toward the dorsal pal- 
atine foramen, and a small branch that moves 
dorsolaterally toward posterior ocular nerves 
and muscles (slice 41.3.2). Farther anteriorly, 
lateral to the infraorbital nerve and dorsal to 
a pterygoid vein, the ramus _ infraorbitalis 
gives off a buccal branch (slice 40.1.3) which 
runs anterolaterally, anterior to the base of 
the coronoid process. 

Dorsal to the maxillary toothrow, the ra- 
mus infraorbitalis gives off an anterolaterally 
directed branch that runs ventral to the lac- 
rimal gland and dorsal to the zygomatic pro- 
cess, giving off branches along the way and 
eventually reaching superficial tissues ventral 
to the eye (slice 31.2.2). The ramus infraor- 
bitalis then, along with the accompanying 
nerve, enters the infraorbital canal, within 
which it gives off superior alveolar branches 
to the adjacent upper toothrow. Within the 
infraorbital canal, the ramus infraorbitalis di- 
vides into smaller sub-branches. 


External carotid branches 


The 37-mm SVL Erinaceus specimen 
shows a common trunk for the ascending 
pharyngeal and an occipital-like artery close 
to the carotid bifurcation (68.3.2). Farther 
distally, a superior thyroid branch runs ven- 
tromedially from the external carotid (slice 
68.2.3). The external carotid continues ante- 
riorly, medial to the hypoglossal nerve and 
ventral to the glossopharyngeal nerve (slice 
65.3.3), and remains lateral to the thyropha- 
ryngeus muscle throughout its course (see 
also slice 190.1.2 in E. concolor). 
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As it approaches the origin of the thyro- 
pharyngeus muscle and cartilaginous anlage 
of the lateral hyoid, the external carotid di- 
vides into the lingual artery and a trunk for 
the posterior auricular, facial, and distal tem- 
poral branches. The latter vessels run later- 
ally dorsal to the digastric muscle (slice 
Se Pao 


LIST OF ARTERIAL CHARACTERS 


From the preceding descriptions, a number 
of characters can be used to summarize ob- 
served morphological variation. Admittedly, 
these characters do not represent all of the 
observed variation. Additional characters re- 
garding, for example, the anastomosis of the 
stapedial system with an arteria diploética 
magna (Wible, 1987) may be of use in future 
studies. Nevertheless, the characters defined 
below reflect consistent and easily identifi- 
able differences in arterial supply across the 
observed taxa. 

Among humans it is well known that dif- 
ferences exist in arterial supply across indi- 
viduals; for example, the facial and lingual 
arteries in humans variably arise indepen- 
dently from the external carotid or share a 
common trunk (Agur and Lee, 1991: 562). 
With this in mind, differences observed 
above regarding, for example, the origins of 
the ascending pharyngeal, anastomotic chan- 
nel for the deep cervical, and sphenopalatine 
arteries are not used here to form phyloge- 
netic characters. On the other hand, some 
characters may vary during ontogeny but ap- 
pear to be consistent among older stages 
(e.g., involution of an intratympanic poste- 
rior stapedial ramus in Erinaceus). The ap- 
parent absence of an external carotid-sup- 
plied posterior auricular artery in potamo- 
galines is worth examination in future stud- 
ies. However, the distribution of this small 
artery is not incorporated into phylogenetic 
analyses presented here because of the dif- 
ficulty of consistently verifying its presence 
in the current histological sample. 

Original histological sections were not 
available for several taxa. Data on Bradypus 
and Dasypus are taken from Wible (1984), 
on Echinosorex and Tupaia from Cartmill 
and MacPhee (1980), on Procavia from Lin- 
dahl and Lundberg (1946), and on Talpa 
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from Tandler (1899), Sicher (1913), and 
Bugge (1974). 

Characters summarized below (see also ta- 
ble 3) represent the intertaxon variability ob- 
served in taxa described above and others 
listed in table 2. As is the case for other char- 
acters defined here, polarity is not defined a 
priori, but rather a posteriori by the process 
of rooting undirected trees (Farris, 1982; 
Nixon and Carpenter, 1993). Hence, charac- 
ter state numbers listed below have no nec- 
essary bearing on polarity. 

1. Posterior stapedial ramus: When present 
in adult taxa, this artery arises from the prox- 
imal stapedial medial to the stapes and runs 
posterolaterally into the stapes fossa (e.g., 
Echinops, state 0). In some taxa the proximal 
stapedial artery gives off no branches im- 
mediately medial to the stapes (e.g., Tenrec, 
state 1). 

2. Superior stapedial ramus: In adult 
Echinops, the proximal stapedial bifurcates 
into superior and inferior rami after passing 
through the obturator foramen of the stapes. 
The superior ramus then courses in the sinus 
canal within the braincase along the surface 
of the lateral cranial wall (state 0). Several 
other taxa (e.g., Potamogale) show varying 
levels of involution of the superior stapedial 
ramus, all of which result in a small or absent 
superior ramus with supply of cranial struc- 
tures such as eyes and meninges taken over 
by other arterial sources (state 1). 

3. Inferior stapedial ramus: This inferior 
branch of the stapedial bifurcation, with tar- 
get structures in the jaw, upper dentition, 
and/or face, is either present (e.g., Echinops, 
state 0) or absent (e.g., Tenrec, state 1). 

4. Origin of ophthalmic artery: In Seftifer, 
the ophthalmic artery arises from the internal 
carotid (state 0) and is apparent passing 
through the bony optic canal accompanied by 
the optic nerve. Several taxa show an oph- 
thalmic artery originating from the superior 
stapedial ramus as it leaves the sinus canal 
(e.g., Echinops, state 1). Bugge (1974) de- 
scribed the ophthalmic artery in Talpa and 
Erinaceus as originating from the inferior 
stapedial-supplied ramus infraorbitalis (state 
2). This pattern was also observed in the Er- 
inaceus concolor specimen described above. 
Carnivorans such as Nandinia show an oph- 
thalmic artery supplied by a branch of the 
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TABLE 3 


Summary of Soft-Tissue Characters 
(see text for full description) 





O present; | reduced 

0 present; 1 reduced 

0 present, | reduced 

0 internal carotid; 1 superior ramus; 2 infraorbital ramus; 3 external carotid 
0 inferior stapedial; 1 external carotid 

0 medial to anterior pole of cochlea; 1 lateral to anterior pole of cochlea 
0 within tympanic cavity; 1 within braincase 

0 within cavum epiptericum; | extracranial 

0 medial to thyropharyngeus; |! lateral to thyropharyngeus 

Q into nasopalatine duct; 1 into nasal fossa 

0 complete; 1 open 

0 orally paired; 1 orally single 

0 reduced; | present 

0 isolated; 1 with paraseptal cartilage 

0 present; 1 reduced 

0 laterally open; 1 laterally shielded 

0 present; 1 reduced 

0 prominent; 1 scattered 

0 parallel; 1 oval 


No. Name States 
l posterior stapedial ramus 

2 superior stapedial ramus 

3 inferior stapedial ramus 

4 ophthalmic artery origin 

5 mandibular ramus origin 

6 internal carotid entrance into braincase 
7 bifurcation of stapedial artery 

8 course of proximal infraorbital ramus 
9 course of proximal external carotid 

10 anterior opening of vomeronasal duct 
11 outer bar 

12 inferior nasopalatine duct 

13 nasopalatine duct cartilage 

14 nasopalatine duct cartilage connections 
15 nasolacrimal duct 

16 nasolacrimal duct cover 

17 papillary cartilage 

18 vomeronasal vessels 

19 shape of nasal septum 

20 zona annularis 


0 complete; 1 incomplete 


external carotid (state 3). Polymorphisms are 
occasionally apparent in the origin of optic 
vasculature; hence, a given taxon may be 
coded as having arterial supply from multiple 
sources. 

5. Origin of ramus mandibularis: In most 
taxa (e.g., Echinops), the arterial supply to 
the jaw is provided by the inferior stapedial 
ramus (state 0). Alternatively, the ramus 
mandibularis supplying the jaw may origi- 
nate from the external carotid artery (e.g., 
Tenrec, state 1). 

6. Internal carotid relation to anterior co- 
chlea: As the internal carotid artery ap- 
proaches the point at which it enters the 
braincase, it may be medial (e.g., Microgale, 
state O; fig. 16) or lateral (Chrysochloris, 
state 1; fig. 21) to the anterior pole of the 
pars cochlearis of the petrosal. 

7. Bifurcation of stapedial artery: Typical- 
ly (e.g., Echinops), the proximal stapedial ar- 
tery bifurcates into inferior and superior rami 
after passing through the obturator foramen 
of the stapes, within the tympanic cavity 
(state 0). Geogale and Solenodon (fig. 22) 
show a stapedial bifurcation above the roof 


of the middle ear, within the braincase (state 
I). 

8. Proximal course of ramus infraorbitalis: 
Posterior to the exit of the ophthalmic and 
maxillary divisions of the trigeminal nerve 
from the cranium, the ramus infraorbitalis 
may travel within the cavum epiptericum, 
ventral to trigeminal nerve bundles (e.g., 
Echinops, state 1), or it may be extracranial 
(e.g., Blarina, state Q). 

9. External carotid relation to thyropha- 
ryngeus muscle: In Echinops (fig. 18) the ex- 
ternal carotid passes medial to a slip of thy- 
ropharyngeus muscle, just proximal to its di- 
vision into lingual, facial, and temporal 
trunks (state 0). Other taxa (e.g., Micropo- 
tamogale; fig. 12) show the external carotid 
artery consistently lateral to thyropharyngeal 
musculature (state 1). 


ANTERIOR NASAL CAPSULE 


In a number of papers during the late 19th 
and early 20th centuries, Robert Broom em- 
phasized the importance of the anterior mam- 
malian nasal capsule for systematic purposes. 
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Based on nasal anatomy, Broom (1897) pro- 
posed two high-level groups of mammals: 
Archaeorhinata (including edentates and ro- 
dents) and Caenorhinata (including most oth- 
er placental mammals). Further work (1898, 
1902, 1909, 1915a, 1915b) led Broom to add 
aardvarks, lagomorphs, tree shrews, elephant 
shrews, and golden moles to his archaeorhin- 
ate grade. As this name implies, he regarded 
these taxa as representing a primitive grade 
of organization and argued that they shared 
several features of nasal anatomy with mono- 
tremes and marsupials. Most consistently, 
Broom’s archaeorhinates lack cartilaginous 
support for the nasopalatine canal. Caenor- 
hinates, in contrast, possess a nasopalatine 
canal well supported by cartilage (Broom, 
1898: 712). Broom (1898) also implied that 
archaeorhinates often show a vomeronasal 
duct that opens directly into the nasal fossa. 
However, further study (e.g., Sanchez-Villa- 
gra, 1998, 2001) has shown that most mar- 
supials possess a vomeronasal duct that 
opens directly into the nasopalatine canal, as 
in caenorhinates. 

By focusing on the nasal region, Broom 
came up with taxonomic conclusions that, 
100 years later, have received support from 
contemporary morphologists (e.g., MacPhee 
and Novacek, 1993) and/or molecular biol- 
ogists (e.g., Mouchaty et al., 2000). These 
conclusions include the removal of macros- 
celidids, scandentians, and chrysochlorids 
from the ‘“‘Insectivora’’ (Broom, 1915a, 
1915b) and the basal position of rodents 
within Placentalia (Broom, 1897). 

A number of other researchers have doc- 
umented anatomical diversity in the nasal re- 
gion across mammals (e.g., Sweet 1904; 
Arnbick Christie-Lindie, 1914; De Beer, 
1929; Sturm, 1936; Reinbach, 1952a, 1952b; 
Kuhn, 1971; Hofer, 1977, 1982a, 1982b; 
Maier, 1980, 1991, 1997; W6hrmann-Repen- 
ning, 1984, 1987, 1991; Wible and Bhatna- 
gar, 1996; Frahnert, 1998; Asher, 1998; 
Mess, 1999; Gdbbel, 2000; Sanchez-Villa- 
gra, 2001) and have to varying degrees noted 
phylogenetically informative differences. 
However, except for three unpublished aca- 
demic dissertations (Schunke, 1996; Beh- 
rens, 1998; Asher, 2000), the anatomy of the 
anterior nasal capsule among tenrecs has 
been known only for tenrecine genera 


ASHER: TENRECID CRANIAL ANATOMY 29 


(Broom, 1915b; Roux, 1947; Hofer, 1982a); 
information on potamogalines, oryzorictines, 
and Geogale has until now been unavailable 
in the published literature. Here, I describe 
the anterior nasal capsule in Potamogale, Mi- 
cropotamogale, Geogale, and Microgale, as 
well as Echinops, Setifer, Tenrec, Solenodon, 
and Erinaceus. 

The following descriptions trace relevant 
anatomical structures as they occur from pos- 
terior to anterior. For readers who have ac- 
cess to some or all of the original histological 
material used here (table 2), section numbers 
are referred to throughout the descriptions in 
the format “‘slide#.column#.row#’’, as de- 
scribed above in the section on cranial arter- 
ies. Sections from the MPIH now located in 
Diisseldorf and New York are numbered by 
distance in 0.01 mm units from the anterior 
point of sectioning (typically the anterior ros- 
trum). For some taxa, individuals represent- 
ing multiple ontogenetic stages are repre- 
sented (table 2). Morphological characters 
that vary ontogenetically will be detailed at 
the end of the descriptions. Each description 
focuses on a single individual identified after 
the taxon heading. Depending on availability, 
identifications use catalog numbers, speci- 
men measurements, or simply institutional 
provenance. In all cases, details of the spec- 
imens listed in table 2 include unique aspects 
(e.g., section thickness, type of stain, embed- 
ding medium), which facilitate identification 
of the original specimen. 

Maier (1993) has presented a model for 
the cranial anatomy of the common ancestor 
of placental and marsupial mammals, includ- 
ing information on nasal structures. SAnchez- 
Villagra (2001) has focused on the anatomy 
of the anterior nose among marsupials; and 
Giere et al. (1999) have discussed how one 
aspect of anterior nasal morphpology (the an- 
terior opening of the vomeronasal organ) 
may have appeared in the therian common 
ancestor. In general, however, and unlike the 
case for cranial arteries, a widely accepted 
model for the anterior nasal anatomy of early 
placental mammals does not yet exist. Thus, 
the following descriptions focus on the major 
elements of nasal anatomy (fig. 23) as dis- 
cussed by Broom (numerous papers cited 
above), Maier (1980), and Sanchez-Villagra 
(2001). 
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Figs. 21, 22. Coronal sections through middle 
ear of Chrysochloris and Solenodon; 21. Chry- 
sochloris asiatica (ZIUT HL 25 mm), slice 97.3.2. 
Note entrance of promontory artery into braincase 
lateral to anterior cochlea; contrast to fig. 16 of 
Microgale. 22A. Epitympanic recess of Soleno- 
don (MPIH 6863), slice 1270. Note undivided 
proximal stapedial artery passing through foramen 
in petrosal. 22B. Section anterior to fig. 22A (slice 
1221), showing bifurcation of stapedial artery into 
superior and inferior rami within braincase. 
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A general outline of nasal structures dis- 
cussed in the following pages is as follows 
(see also fig. 23). The bilateral vomeronasal 
organ is situated anteriorly on the nasal floor, 
on either side of the nasal septum. A para- 
septal cartilage supports the vomeronasal or- 
gan along its length. Anteriorly, the vomero- 
nasal organ typically empties via the vom- 
eronasal ducts into the nasopalatine ducts, 
which connect the nasal and oral cavities 
through the incisive foramina. A cartilagi- 
nous ‘“‘outer bar’’ variably extends lateral to 
the vomeronasal duct, connecting medial and 
ventral components of the paraseptal carti- 
lage. As the nasopalatine ducts empty into 
the oral cavity, they define a palatine papilla, 
situated ventral to the incisive foramina. 
Within this papilla, a spherical or tubelike 
papillary cartilage is sometimes present. The 
nasopalatine duct cartilage is usually evident 
along the lateral and posterior aspect of the 
nasopalatine ducts. Depending largely on the 
ontogenetic stage of the individual, the floor 
of the nasal capsule anterior to the premax- 
illa, or the “‘anterior transverse lamina’’, may 
be continuous with the medial aspect of the 
paraseptal cartilage (fig. 23B). A “zona an- 
nularis”’ is said to be present when the an- 
terior transverse lamina is continuous with 
the sidewall and roof of the nasal capsule. 
The anteriormost nasal capsule consists of 
two nasal cupulae on either side of the nasal 
septum. Posterior and lateral to the cupulae 
are the cartilaginous superior alar processes. 
These provide attachments for small muscles 
of the rhinarium and variably show connec- 
tions with the nasal sidewall, anterior trans- 
verse lamina, and cupular processes (fig. 
23A). Variations on this general anatomical 
theme are described on a taxon-by-taxon ba- 
sis below. 


Potamogale velox (ZIUT, HL 17 mm; 
fig. 23) 


As in other mammals, the bilateral vom- 
eronasal organ of Potamogale lies on either 
side of the nasal septum on the nasal floor. 
In this specimen with a head length of 17 
mm, it starts from a region below the anterior 
cribriform plate and stretches about 2.6 mm 
anteriorly to the incisive foramina. In the an- 
teroposterior dimension, the vomeronasal or- 
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Figs. 23-25. Nasal models (23) and coronal sections (24, 25); 23A. Potamogale (ZIUT HL 17 mm) 
cartilaginous nose, lateral view. Region in box is magnified in fig. 23B without external ossifications of 
maxilla and premaxilla. 23B. Potamogale anterior nasal region, lateral view. Double-headed arrow rep- 
resents approximate plane of coronal section shown in fig. 24. 24. Palatine papilla of Potamogale velox 
(ZIUT HL 17 mm), slice 12.1.6. 25. Anterior vomeronasal organ of Solenodon paradoxus (ZIUT), slice 


102.1.2. 


gan is 38% as long as the nasal fossa (6.9 
mm) and 15% of the head length (17 mm). 
The vomeronasal organ in Potamogale ex- 
tends farther posteriorly (i.e., ventral to the 
cribriform plate) than that of a specimen of 
Cynocephalus, described by Bhatnagar and 


Wible (1994: 47) as “‘one of the relatively 
longest ... reported thus far in mammals’’. 
The large vomeronasal organ of Potamogale 
corresponds with its unusually large acces- 
sory olfactory bulb (Stephan et al., 1991). 
No single major blood vessel is apparent 
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traveling with the vomeronasal organ; how- 
ever, numerous small vessels are evident 
along its length. 

Along its entire medial and ventral as- 
pects, the vomeronasal organ is supported by 
a J-shaped paraseptal cartilage (e.g., slice 
16.2.4). At no point is the vomeronasal duct 
enclosed laterally by cartilage; however, im- 
mediately before it reaches the nasopalatine 
duct, an incomplete cartilaginous strut is pre- 
sent dorsal to the vomeronasal organ, ex- 
tending laterally from the midpoint of the 
paraseptal cartilage (slice 12.1.6; fig. 24). 
Anteriorly, the organ grades into a narrow 
vomeronasal duct, which empties on each 
side directly into the nasopalatine ducts (e.g., 
Slice 12.5.6), which in turn connect the nasal 
fossa and mouth via two openings on either 
side of the palatine papilla (slice 12.1.6; fig 
24). The nasopalatine duct is laterally sup- 
ported by a cartilage that runs ventromedially 
to the lateral rims of the incisive foramina; 
this nasopalatine duct cartilage is not con- 
nected to the paraseptal cartilage. 

Broom’s “inferior septal ridge’ (1896: 
593), consisting in most taxa of an antero- 
posteriorly running emargination of mucosa 
on the inferolateral aspect of the nasal sep- 
tum and occasionally supported by anterior 
paraseptal cartilage or the adjacent anterior 
transverse lamina, is present in Potamogale 
far anterior to the vomeronasal organ. It 
lacks cartilaginous support. 

There is a broad connection between the 
medial component of the paraseptal cartilage 
and the anterior transverse lamina (fig. 23B). 
DeBeer (1929: figs. 5-8) also noted conti- 
nuity between these structures in Sorex ara- 
neus; in fact, he referred to both paraseptal 
cartilage (supporting the vomeronasal organ) 
and anterior transverse lamina (forming the 
nasal capsule floor anterior to the vomero- 
nasal duct) by the single nomen “‘anterior 
paraseptal cartilage’’. Anterior to the pre- 
maxilla of Potamogale, the nasal cartilages 
form a complete, uninterrupted ring sur- 
rounding the nasal cavity, connecting the na- 
sal septum, lamina transversalis anterior, and 
nasal sidewall and roof (fig. 23A). This car- 
tilaginous ring is referred to here as a “‘zona 
annularis’’ (Gaupp, 1908). Kuhn (1971: 28) 
has recommended abandoning this term be- 
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cause of inconsistent usage; nevertheless, I 
retain “‘zona annularis”’ as defined above. 

A remarkable aspect of Potamogale is the 
absence of the nasolacrimal duct—a common 
structure among mammals that usually lies in 
an anteroposteriorly running sulcus along the 
lateral nasal capsule (see figs. 25 and 26 for 
an illustration of this structure in Solenodon 
and Erinaceus). The nasolacrimal duct is also 
absent in the older Potamogale specimen de- 
scribed by Behrens (1998). This corresponds 
with the absent lacrimal gland in this indi- 
vidual, and is consistent with the observation 
that a lacrimal foramen is absent in adult Po- 
tamogale skulls (Asher, 1999). 

The most conspicuous structures of the 
Potamogale anterior cartilaginous nose are 
the superior alar processes, located immedi- 
ately posterior to the external nares (fig. 23A; 
slice 5.5.4). These provide a large surface 
area for attachment of facial muscles and 
connective tissue (slice 5.5.4). Dorsal to each 
of the anterior nasal cupulae lies a large, su- 
periorly projecting “‘spur’’ (fig. 23A; slice 
4.5.6; see Roux [1947: fig. 55] for a com- 
parable structure in Setifer), dorsal to which 
runs a prominent alar-cupular muscle, which 
in turn originates from the dorsal aspect of 
the superior alar process (slice 6.3.2). The 
dorsal spur provides this muscle with a great- 
er moment arm with which to act upon its 
insertion point in the superior rhinarium 
(slice 4.1.1). The superior alar processes are 
broadly connected to the floor of the anterior 
nose. In addition, a narrow alicupular com- 
missure connects the superior alar process 
and cupular process (fig. 23a; slice 4.3.3). In 
contrast to the individual of Setifer figured 
by Roux (1947: fig. 55), the superior nasal 
fenestrae (located just posterior to the cupu- 
lar spurs) in Potamogale are occluded by its 
large superior alar processes, and are not 
widely exposed dorsally. 


Micropotamogale lamottei (IZEA 939) 


The vomeronasal organ of Micropotamo- 
gale is approximately 3.5 mm in length and 
does not reach as far posteriorly as the first 
ethmoturbinal; in an adult specimen (ZEA 
939) it extends only as far back as a frontal 
plane posterior to the canines and anterior to 
the anteriormost premolars (slice 48.3.2). In 
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this specimen (IZEA 939) the vomeronasal 
organ comprises about 13% of nasal fossa 
length (ca. 26 mm) and 7% of head length 
(ca. 50 mm). Fetal specimens (1.e., AIG 
2273-1, 2273-3) show a more elongate vom- 
eronasal organ, but still shorter than that seen 
in a Potamogale of comparable age (table 2). 
No major blood vessels are apparent cours- 
ing along the length of the vomeronasal or- 
gan; instead, numerous smaller vessels are 
visible. 

Most of the support for the vomeronasal 
organ along its length is ossified, although 
some paraseptal cartilage remains ventral and 
lateral to the organ. In this regard, Micro- 
potamogale resembles the specimens of Geo- 
gale described below. This is due to the ad- 
vanced ontogenetic stage represented by the 
IZEA 939 Micropotamogale and all Geogale 
individuals (all showing fully erupted teeth). 

Anteriorly, the cartilaginous outer bar does 
not cover the vomeronasal organ laterally. 
The vomeronasal ducts are apparent at the 
anterior extreme of the vomeronasal organ, 
consisting of tubes on either side of the nasal 
septum that empty into each nasopalatine 
duct, separated from the nasal fossa proper 
(e.g., slice 31.3.2). Elongate, thin cartilages 
support each nasopalatine duct laterally, and 
line the posterior margins of each incisive 
foramen’ (e:g., slice 32.1.2; fig. 27). These 
cartilages are not connected to other nasal 
floor or septal cartilages. The palatine papilla 
of Micropotamogale is dorsoventrally elon- 
gate, defined by each nasopalatine duct lat- 
erally (slices32.1.2; Ne. 27): 

Anterior to the incisive foramina and dor- 
sal to the premaxilla, the anterior transverse 
lamina is evident (slice 21.3.2) and shows no 
connection with paraseptal cartilages. 

Immediately anterior to the premaxilla, the 
nasal cartilages form an uninterrupted ring, 
or zona annularis, connecting the nasal side- 
wall, floor, and roof (slice 17.3.1). 

As in Potamogale, and in concordance 
with the observation that a lacrimal foramen 
is reduced in adult Micropotamogale skulls 
(Asher, 1999), Micropotamogale shows no 
nasolacrimal duct. Both potamogalines do, 
however, possess a duct for the lateral nasal 
gland that travels from the posterolateral na- 
sal fossa anteriorly, ventral to the nasoturbi- 
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nate (e.g., slice 35.3.2; see fig. 26 for the 
same structure in Erinaceus). 

Well anterior to the nasopalatine ducts and 
the posterior margin of the anterior trans- 
verse lamina, the superior and inferior septal 
ridges are apparent (slice 10.3.1). Neither 
pair of ridges shows cartilaginous support. 

The superior alar processes of Micropo- 
tamogale are smaller than those of Potamo- 
gale and do not extend far posterior or lateral 
to the nasal cupula. They originate posteri- 
orly from the lateral margin of the anterior 
nasal floor (slice 7.1.2). No dorsal projec- 
tions are evident on the anterior cartilaginous 
nose in the available adult specimens (IZEA 
939), but they are evident in embryos (AIG 
2273-1, 2273-3). 


Geogale aurita (MCZ 45499; 
fig. 28) 


The vomeronasal organ of Geogale is 
small compared to that of Potamogale. Its 
anteriormost point is directly over the pos- 
terior margin of the palatine papilla. Instead 
of traversing a large portion of the nasal floor 
as in Potamogale, the vomeronasal organ ta- 
pers to a posterior terminus at about the same 
transverse plane as the third upper incisor— 
roughly 1 mm posterior to its starting point. 
In the postnatal MCZ 45499, it comprises 
about 10% of nasal capsule length (about 10 
mm) and 8% of head length (14 mm). Pro- 
portions are similar in the larger ZIUT indi- 
vidual (SVL 43 mm): the 1.2-mm vomero- 
nasal organ comprises 9% of nasal capsule 
length (14.3 mm) and 6% of head length (21 
mm). 

The vomeronasal organ itself is kidney- 
shaped and laterally concave. Blood vessels 
are conspicuous dorsolateral and ventrome- 
dial to the vomeronasal organ. The paraseptal 
cartilages are most evident ventral to the 
vomeronasal organ along its length and are 
reduced medially. Relative to other animals 
examined here, there is very little space be- 
tween the vomeronasal organ on each side of 
the septum. In other taxa, a dorsally extend- 
ing flange of the paraseptal cartilage contrib- 
utes to the space separating each half of the 
paired vomeronasal organ, whereas in Geo- 
gale bony elements of the nasal septum are 
evident medial to the vomeronasal organ 
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Figs. 26-29. 
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Nasal model (28) and coronal sections through palatine papilla (26, 27, 29); 26. Ervi- 


naceus concolor (ZIUT HL 35 mm), slice 32.1.1. 27. Micropotamogale lamottei (IZEA 939), slice 
32.1.2. 28. Geogale aurita (MCZ 45499) anterior nasal region, lateral view. Double-headed arrow rep- 
resents approximate plane of coronal section in fig. 29. 29. Geogale aurita (MCZ45499), slice 8.1.4. 


(compare figs. 24 and 29 or slices 14.2.4 of 
Potamogale and 8.5.5 of Geogale). This may 
be due to the advanced ontogenetic stage and 
consequent resorption of cartilage in the 
available Geogale specimens. 

At the anterior margin of the vomeronasal 
organ of Geogale, just dorsal to the nasopal- 


atine duct, a small outer bar connects the 
ventrolateral and ventromedial components 
of the paraseptal cartilage, lying dorsal to the 
vomeronasal duct (e.g., slice 8.1.5; figs. 28, 
29). 

Posterior to the anterior margin of the first 
upper incisors and continuing through the 
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length of the premaxilla, the cartilaginous na- 
sal septum consists of a single anteroposte- 
riorly running cylinder, surrounded by ossi- 
fications of the premaxilla (slice 11.2.3). In 
this region the septum lacks a connection to 
the nasal roof. This condition may simply be 
a result of resorption of cartilage in a rela- 
tively well-ossified postnatal individual, an 
interpretation supported by the observation 
that other adult specimens (e.g., IZEA 939 
and AIG 1227 Micropotamogale and ZIUT 
Sorex) also lack a cartilaginous septum-roof 
connection in parts of the nasal fossa. 

At its anterior margin, the vomeronasal or- 
gan gives off a well-defined vomeronasal 
duct (slice 8.2.3; fig. 29), which enters the 
nasopalatine canal dorsally as the latter opens 
into the nasal fossa proper. As in most other 
taxa described here, the nasopalatine canal is 
paired, opening on either side of a well-de- 
fined palatine papilla (slice 7.5.5). A very 
small nasopalatine duct cartilage is evident 
along the lateral margin of the incisive fo- 
ramina (slice 8.5.1), which shows no con- 
nection to other nasal cartilages. 

Within the palatine papilla is a cartilagi- 
nous body (slice 8.1.4; fig. 29), ending an- 
teriorly in two points. Although ubiquitous 
among marsupials (Sanchez-Villagra, 2001), 
this papillary cartilage has been observed in 
relatively few placental taxa, such as Ele- 
Phantulus and Tupaia (Wo6hrmann-Repen- 
ning, 1984, 1987). 

Just anterior to the rostral openings of the 
vomeronasal ducts is the inferior septal ridge, 
a laterally projecting flap of epithelial tissue, 
closely associated with the posterior margin 
of the anterior transverse lamina (slice 7.2.4). 
This structure extends ventrolaterally out 
from the posterior tip of the medial arm of 
the anterior transverse lamina, and supports 
both glandular and olfactory tissue. 

The lack of prominent medial processes of 
the paraseptal cartilage contributes to the ab- 
sence of a connection between it and the an- 
terior transverse lamina. That is, the nasal 
cavity floor anterior to the vomeronasal duct 
is not broadly continuous with the paraseptal 
cartilage. 

Geogale also displays a complete zona an- 
nularis, that is, continuity between the nasal 
septum, anterior transverse lamina, and nasal 
sidewall for a short distance immediately an- 
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terior to the first upper incisor (e.g., slice 
4.4.3). 

Geogale exhibits relatively large superior 
alar processes, located just posterior to the 
external nares, that serve as the site of origin 
of several facial muscles (e.g., slice 3.4.4). 
The alar processes are broadly connected to 
the nasal floor ventrally and show a narrow 
alicupular commissure anteriorly. 


Microgale dobsoni (MPIH 1964/104) 


The vomeronasal organ of Microgale is 
about 1.2 mm in length and extends poste- 
riorly to a point close, but still anterior, to 
the first ethmoturbinal. It comprises roughly 
14% of nasal fossa length (8.4 mm) and 8% 
of head length (15 mm). A large vein courses 
lateral to the vomeronasal organ on each side 
and forms the axis around which the organ 
has a kidney-shaped appearance (e.g., slice 
280). 

A J-shaped paraseptal cartilage supports 
the vomeronasal organ throughout its length, 
but at no point does the outer bar completely 
enclose the vomeronasal organ laterally. An- 
teriorly, the paired vomeronasal organ emp- 
ties into the superior margin of each naso- 
palatine duct (slice 244; fig. 30). The naso- 
palatine canal is paired and connects the oral 
and nasal cavities on either side of the pal- 
atine papilla (slice 240). Lateral to the na- 
sopalatine duct, an isolated nasopalatine duct 
cartilage is present (slice 244; fig. 30), show- 
ing no connection to other cartilages. 

Immediately anterior to the nasopalatine 
duct, the inferior septal ridge is evident and 
is supported in part by the cartilage of the 
anterior transverse lamina (slice 220). The 
latter cartilage has a very narrow posterior 
connection to the paraseptal cartilage, dorsal 
to the frontal plane in which the nasopalatine 
ducts connect the oral and nasal cavities 
(slice 240). 

Anterior to the premaxilla, a complete 
zona annularis is evident, connecting the na- 
sal floor, sidewalls, and roof (slice 140). The 
superior alar cartilages of the external nose 
are evident in slice 80 and show a connection 
to the anterior nasal floor. Unlike the external 
nose of Potamogale (fig. 23A), no superiorly 
projecting cartilaginous spur is evident dor- 
sally. 
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Echinops telfairi (ZIUT, HL 18 mm) 


The posterior margin of the paraseptal car- 
tilage in Echinops is coincident with the an- 
terior margin of the first ethmoturbinal (slice 
15.2.4); the vomeronasal organ itself appears 
a fraction of a millimeter farther anteriorly 
(slice 14.2.2). Rostrally, the vomeronasal or- 
gan terminates over the posterior incisive fo- 
ramina. The vomeronasal organ (approxi- 
mately 1.6 mm long) comprises 17% of nasal 
capsule length (9.5 mm) and 9% of head 
length (18 mm). Two venous channels are 
evident dorsolateral and ventromedial to the 
vomeronasal organ on each side (e.g., slice 
11.3.4), each of which gives off several small 
branches toward the inferior part of the nasal 
septum. 

The anterior paraseptal cartilage curves 
around the vomeronasal organ laterally (slice 
10.5.4), but does not possess an outer bar 
passing dorsal to the vomeronasal organ or 
vomeronasal duct. The vomeronasal duct 
empties directly into the nasopalatine duct, 
well separated from the nasal cavity proper 
(slice 9.3.6). Farther anteriorly, the paired na- 
sopalatine duct appears very atypical, as the 
conduits on each side coalesce with one an- 
other into a single channel that opens into the 
oral cavity (slice 8.3.6; fig. 31). As a result, 
the typical mammalian inverted mushroom- 
shaped palatine papilla is absent. This con- 
dition has been previously documented in 
Echinops and Setifer by Hofer (1982a). Car- 
tilages supporting the nasopalatine duct are 
small; only a minor cartilaginous center is 
evident along the lateral margin of the inci- 
sive foramen. The paraseptal cartilage does 
not show a significant anterior continuity 
with the anterior transverse lamina (slice 
O52) 

Just anterior to the incisive foramina and 
dorsal to part of the nasopalatine duct, an- 
teroposteriorly running ridges on either side 
of the septum are evident (slice 9.2.5). The 
posterior margin of the anterior transverse 
lamina provides cartilaginous support for 
these inferior septal ridges. Farther anterior- 
ly, bulges on each side of the nasal septum 
comprise the “‘superior’’ septal ridges, which 
have no cartilaginous support and contain 
glandular tissue (slice 5.1.5). Also in this re- 
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gion of the anterior nose, a complete zona 
annularis is evident. 

Adjacent to the anterior termination of the 
nasolacrimal duct, the superior alar processes 
originate from the nasal sidewall and extend 
dorsolaterally (slice 3.6.4). No connection 
with the anterior nasal cupula is apparent. 


Setifer setosus (ZIUT, celloidin-embedded 
individual) 


The vomeronasal organ of this adult Seti- 
fer specimen extends approximately 5 mm 
posteriorly beyond the premaxilla, to the lev- 
el of the first premolars (slice 75.2.1). Un- 
fortunately, length estimates for the nasal 
fossa and head of this specimen are unavail- 
able. One particularly large blood vessel lies 
lateral to the vomeronasal organ along most 
of its length; numerous other vessels of mod- 
erate caliber are also evident scattered 
throughout the organ (e.g., slice 64.1.1). 

The paraseptal cartilage borders the vom- 
eronasal organ ventrally and medially 
throughout its length. In some sections it ex- 
tends lateral to the vomeronasal organ (e.g., 
Slice 57.2.1), but the paraseptal cartilage does 
not give off an outer bar that passes dorsal 
to the vomeronasal organ or the vomeronasal 
duct. 

At its anterior margin the vomeronasal or- 
gan grades into the vomeronasal duct, which 
enters the nasopalatine duct ventral to and 
separate from the nasal fossa (slice 48.1.1). 
The nasopalatine canal of Setifer leaves the 
nasal fossa paired; farther ventrally, however, 
Setifer resembles Echinops in that the canals 
on each side join with each other to form a 
single canal that opens into the oral cavity 
(slice 38.1.1; see also Hofer, 1982a). A very 
small nasopalatine duct cartilage is evident 
connected with the paraseptal cartilage (e.g., 
48.3.1). 

Anterior to the vomeronasal organ, the 
paraseptal cartilage ends, showing no conti- 
nuity with the anterior transverse lamina. The 
posterior margin of the anterior transverse 
lamina supports the inferior septal ridge, ex- 
tending out from the nasal septum, just dor- 
sal and anterior to the nasal openings of the 
nasopalatine ducts (slice 47.2.1). 

Anterior to the premaxilla, the nasal floor 
descends relative to the roof, greatly increas- 
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Figs. 30, 31. 
30. Microgale dobsoni (MPIH 1964/103) just pos- 
terior to palatine papilla, slice 250. 31. Echinops 
telfairi (ZIUT HL 18 mm) anterior to vomerona- 
sal organ, slice 8.4.4. 


Anterior nasal coronal sections; 
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ing the volume within the nasal cupula (com- 
pare slices 35.2.1 and 25.2.1). In this region, 
Setifer shows a broad continuity, or zona an- 
nularis, between the nasal septum, floor, and 
sidewall. 

The superior alar processes are relatively 
narrow, showing only a short connection 
with the anterior nasal floor and no connec- 
tion with the anterior nasal cupula. However, 
the alar processes do provide attachments for 
small muscles of the rhinarium (e.g., slice 
32a). 


Tenrec ecaudatus (ZIUT, HL 20 mm; 
fig. 32) 


Posteriorly, the vomeronasal organ and 
paraseptal cartilages extend to the upper ca- 
nines. The vomeronasal organ itself mea- 
sures approximately 1.5 mm in length. This 
makes up 14% of nasal fossa length (10.2 
mm) and 7.5% of head length (20 mm). Sev- 
eral small blood vessels are apparent running 
parallel to the vomeronasal organ. 

The paraseptal cartilage lies medial to the 
vomeronasal organ along its entire length 
and does not exhibit a complete outer bar 
laterally (fig. 32). The vomeronasal ducts are 
narrow, anterior continuations of each vom- 
eronasal organ tube, emptying into the na- 
sopalatine canal at a point well-separated 
from the nasal fossa (slice 7.5.1). A large 
palatine papilla is evident medial to the na- 
sopalatine ducts as they open into the oral 
cavity. 

A nasopalatine duct cartilage is present 
lateral to the nasopalatine ducts and is con- 
nected to both the paraseptal cartilage dor- 
somedially and the “‘nasopalatine duct’’ car- 
tilage medially (slice 8.2.4; fig. 33). Kuhn 
(1971: 30) noted that confusion exists re- 
garding the definitions of the “palatine”? and 
‘“‘nasopalatine duct’ cartilages; in some taxa 
(including Tenrec), the two are continuous 
anteriorly. As defined in previous studies 
(e.g., Maier, 1980), they are at least distin- 
guishable posteriorly; the palatine cartilage 
exists lateral, and the nasopalatine duct car- 
tilage medial, to the nasopalatine duct itself. 

Anterior to the nasopalatine canal is the 
inferior septal ridge, supported medially by 
the superior arm of the anterior transverse 
lamina and containing olfactory epithelium 
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Figs. 32—34. Nasal model (32) and anterior nasal coronal sections (33-34); 32. Tenrec ecaudatus 
(ZIUT HL 20 mm) anterior nasal region, lateral view. Double-headed arrow shows approximate plane 
of coronal section in fig. 33. 33. Tenrec ecaudatus (ZIUT HL 20 mm), posterior to palatine papilla, 
slice 8.2.4. 34. Solenodon paradoxus (ZIUT), anterior to palatine papilla, slice 100.3.1. Note vomero- 


nasal duct opening into nasal fossa. 


(slice 6.1.1). The medial arm of the anterior- 
most paraseptal cartilage has a narrow con- 
nection with the anterior transverse lamina. 
The connection between the nasal septum, 
floor, and sidewall in Tenrec is constricted, 
but present, at the point just anterior to the 
premaxilla and where the nasolacrimal duct 
enters the nasal fossa (slice 4.4.5). 


A feature of the external nose that Tenrec 
shares with Setifer is the abrupt inferior ex- 
tension of the anterior nasal floor, greatly en- 
larging the surface area available for olfac- 
tory epithelium in the anterior nose (slice 
5.3.1). In Tenrec, the narrow superior alar 
processes originate from this ventrally ex- 
tended nasal floor, and show no commissura 
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alicupularis connecting them to the anterior 
nasal cupulae. 


Solenodon paradoxus (ZIUT) 


Despite the enormous length of the Solen- 
odon anterior nose, the vomeronasal organ is 
not elaborate. The vomeronasal organ is in 
fact quite small, failing to extend farther pos- 
teriorly than the row of upper incisors. Un- 
fortunately, the available Solenodon speci- 
men is only partially sectioned through the 
midrostrum, leaving no means of precisely 
inferring the nasal capsule or head length in 
this specimen. However, it is likely that the 
vomeronasal organ of Solenodon comprises 
a very small percentage of nasal capsule and 
head length, given the great size of the latter 
two structures in this genus. No major blood 
vessels are evident coursing adjacent to the 
vomeronasal organ. 

The paraseptal cartilages are relatively 
small J-shaped structures that, as in most oth- 
er mammals described here, course medially 
along most of the length of the vomeronasal 
organ (e.g., slice 110.3.1). At its anterior end, 
Solenodon shows a small outer bar which 
does not enclose the vomeronasal organ lat- 
erally, but ends in a free process. At the an- 
terior margin of the vomeronasal organ, the 
vomeronasal duct opens ventrally, medial to 
the inferior septal ridge, and empties directly 
into the nasal fossa (slice 100.3.1; fig. 34) 
anterior to the superior margin of the naso- 
palatine duct (slice 106.3.2). Unlike other an- 
imals described here, and like some “ar- 
chaeorhinate’’ taxa described by Broom 
(1897), the nasopalatine and vomeronasal 
ducts do not directly communicate (see also 
Menzel, 1979; Hofer, 1982b). However, So- 
lenodon differs from Broom’s “‘archaeorhin- 
ates’’ in possessing cartilaginous support for 
the nasopalatine duct. A connection is evi- 
dent between the inferior arm of the parasep- 
tal cartilage and the cartilage supporting the 
nasopalatine duct (slice 101.2.1; fig. 25). The 
latter cartilage is present at the superior mar- 
gin of the nasopalatine duct, and extends lat- 
eral to the duct to the lateral rim of the bony 
incisive foramina. The nasopalatine ducts run 
posteroinferiorly to empty into the oral cav- 
ity adjacent to the palatine papilla (slice 
108°2.2). 


ASHER: TENRECID CRANIAL ANATOMY 39 


The relatively tiny medial arm of the par- 
aseptal cartilage has no connection with the 
anterior transverse lamina, which lies far an- 
terior to the vomeronasal organ and its car- 
tilages. Although the nasal septum and floor 
are continuous throughout most of the elon- 
gate external nose of Solenodon, the connec- 
tion between the nasal floor and sidewall is 
never complete, as Solenodon shows an an- 
teroposteriorly running suture between nasal 
floor and roof adjacent to the nasolacrimal 
duct. 

The superior alar processes of Solenodon 
are relatively small, consisting of an extend- 
ed nasal sidewall that ends freely, with no 
connection to the anterior nasal cupula (e.g., 
slicev 1:3): 


Erinaceus europaeus (ZIUT, SVL 37 mm) 


Posteriorly, the vomeronasal organ begins 
at a point slightly posterior to the anterior tip 
of the first ethmoturbinal (e.g., slice 21.3.2) 
and ends 1.6 mm anteriorly, over the incisive 
foramina. The vomeronasal organ comprises 
about 22% of nasal capsule length (7.3 mm) 
and 8% of head length (19 mm). No major 
blood vessels accompany the vomeronasal 
organ along its length. 

The paraseptal cartilages are J-shaped 
(e.g., slice 17.2.3). Anteriorly, the vomero- 
nasal duct is completely enclosed by the out- 
er bar (slice 15.1.4), which begins posteriorly 
from the inferior arm of the paraseptal car- 
tilage, runs dorsally over the vomeronasal 
duct, and joins the medial arm of the para- 
septal cartilage as the duct empties into the 
nasopalatine canal. Erinaceus displays a 
paired vomeronasal duct, leaving the vom- 
eronasal organ anteriorly and connecting di- 
rectly into the nasopalatine duct (slice 
14.5.1). The paired nasopalatine duct empties 
into the mouth on either side of a well-de- 
fined palatine papilla (e.g., slice 14.3.3; fig. 
26). A small nasopalatine duct cartilage, con- 
tinuous with the inferior portion of the par- 
aseptal cartilage, is evident medially and an- 
terolaterally to the nasopalatine canal (slice 
14.2.4; fig. 26). 

Anterior to the nasopalatine ducts, both in- 
ferior and superior septal ridges are apparent, 
without cartilaginous support (slice 12.5.2). 
As in Potamogale, the medial processes of 
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the paraseptal cartilages are continuous an- 
teriorly with the anterior transverse lamina. 
This lamina is continuous with the nasal 
sidewall, roof, and septum throughout a large 
portion of the external nose anterior to the 
premaxilla (e.g., slice 9.2.3). 

The superior alar processes show most 
continuity with the anterior floor of the nasal 
capsule (slice 9.1.4); anteriorly, they bifur- 
cate around the external nares. 


LIST OF NASAL CHARACTERS 


Several morphological differences are ev- 
ident in specimens of different age. For ex- 
ample, like other cranial sense organs (e.g., 
eyes), the vomeronasal organ grows with 
negative allometry relative to body mass and 
is proportionately larger in younger speci- 
mens. Thus, a fetal Micropotamogale speci- 
men (AIG 22733-3) with a head length of 
about 9 mm shows a posterior margin of the 
vomeronasal organ overlapping the anterior 
extent of the first ethmoturbinial. The vom- 
eronasal organ in an adult Micropotamogale 
(IZEA 939) with a head length of about 50 
mm, on the other hand, ends posteriorly near 
the upper canines, as described above. Even 
so, the vomeronasal organ in an embryo of 
Potamogale is considerably longer than that 
of similarly aged Micropotamogale, Echin- 
ops, Tenrec, and Microgale individuals ex- 
amined in this study. 

Adult specimens (e.g., ZIUT Sorex, AIG 
1227 and IZEA 939 Micropotamogale) show 
resorption of certain regions of nasal carti- 
lage not evident in fetal representatives of 
these taxa. This includes the medial wing of 
the paraseptal cartilage, the connection be- 
tween the nasal septum and roof, and the 
connection between the paraseptal cartilage 
and anterior transverse lamina. The connec- 
tion between the paraseptal and nasopalatine 
duct cartilages appears less ontogenetically 
variable, as both structures persist intact 
postnatally, and two relatively older speci- 
mens (Setifer and Solenodon) with erupted 
deciduous teeth show a connection between 
the two. Finally, as described above, tuber- 
cle-like ‘spurs’? on the dorsum of the nasal 
cupulae are evident in the fetal Potamogale 
(fig. 23A) and two fetal Micropotamogale 
specimens. However, these are absent in the 
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two available adult Micropotamogale speci- 
mens, and must therefore be presumed to dis- 
appear during the course of ontogeny. 

There is of course nothing wrong with at- 
tempting to extract phylogenetic information 
from characters that are expressed only dur- 
ing a certain point in ontogeny. The problem 
arises when a given sample contains taxa 
representing different ontogenetic stages. 
Such is presently the case; therefore, I at- 
tempt to use characters that are consistently 
expressed in individuals of various ages. The 
remaining morphological differences de- 
scribed above are constant in those taxa rep- 
resented in this study by adult and fetal spec- 
imens (table 2). This enables comparisons 
between taxa represented by only postnatal 
(Geogale) or fetal (Potamogale) specimens. 

Some of the morphological variation de- 
scribed above (1.e., relations and cartilagi- 
nous support for the inferior septal ridge and 
connections of the superior alar cartilage and 
nasal cupulae) may provide valuable char- 
acter information for phylogenetic purposes. 
However, based on the present sample, it is 
difficult to unambiguously refine the ob- 
served morphology into discrete character 
states. Hence, these characters are for present 
purposes not considered in the following 
pages. 

Table 4 includes character data for several 
taxa that are not described above. This in- 
formation is based on observations of spec- 
imens listed in table 2, as well as the work 
of authors cited below. Specifically, data on 
nasal structure in Bradypus is taken from 
Schneider (1955); in Dasypus from Broom 
(1897) and Reinbach (1952a, 1952b); in 
Echinosorex from Broom (1915a) and Wohr- 
mann-Repenning (1984); in Orycteropus 
from Broom (1909) and W. Maier (personal 
commun.); in Procavia from Broom (1898), 
Lindahl (1948), and Weisser (1992); in Talpa 
from Fischer (1901) and Broom (1915b); and 
in Tupaia from Broom (1915a), Maier 
(1980), and W6hrmann-Repenning (1984). 
Not all characters relevant to this study are 
described by these authors; hence, where in- 
formation on a given character is lacking, I 
code it as “‘missing’’. 

The following characters are numbered af- 
ter the nine arterial characters described 
above, so as to correspond with the matrix 
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TABLE 4 
Soft-Tissue Character Matrix 

(Characters correspond in number to those listed in the text 
and in table 3. Taxa representing endemic African orders are 
in bold; insectivorans are marked with an asterisk. See text 
for sources of character information for taxa not represented 
by histological sections listed in table 2. A indicates a poly- 
morphism between states 0 and 1, B between states O and 2, 
and C between states 0 and 3. 9 indicates an inapplicable 
character, which is treated by parsimony algorithms as miss- 


ing data.) 


Taxon Character 
1234567891 1111111112 
0 1234567890 
*Blarina 0001010010 0011011010 
Bradypus 1110109??? ?7090?170? 
Canis 1110109010 1011001110 
*Chrysochloris 100901001A 0009011110 
*Crocidura 0001010010 9010011111 
Dasypus 1110109??1 0009001010 
Didelphis 1110109010 000900A000 
*Echinops 0001000100 0109001010 
*Fchinosorex 700???01?0 1011011710 
*Frinaceus 100B000010 A011011010 
*Geogale 0001001100 1010000010 
*Hemicentetes 00411109110 1011001010 
*Microgale 0004000100 1010001010 
*Micropotamogale 0001000110 1010191110 
Nandinia 1113119010 1010001011 
Orycteropus 1010119770 0011001700 
*Potamogale O010000011G 1010191110 
Procavia 1110109170 0011071110 
*Setifer 0000000100 1111001110 
*Solenedon 0007001101 10110011132 
*Sorex 1007070??0 0011011010 
*Talpa ?7002A?7???0 1011071710 
*Tenrec 1010109100 1611001010 
Tupaia 1011171170 0601707000? 


presented in table 4 (see also table 3). As 
detailed previously, a “‘O”’ character state as- 
signment does not necessarily imply primi- 
tiveness. 

10. Anterior relation of vomeronasal duct: 
Solenodon and Dasypus differ from other an- 
imals examined here in possessing a vom- 
eronasal duct that empties directly into the 
nasal fossa (state 1) rather than into the na- 
sopalatine duct (e.g., Tenrec, state 0). 

11. Paraseptal cartilage and anterior vom- 
eronasal organ (“‘outer bar’’): Among mar- 
supials, a strut of paraseptal cartilage consis- 
tently encloses the vomeronasal organ an- 
terolaterally (e.g., Didelphis, state 0; San- 


chez-Villagra, 2001). This is variably present 
among placental mammals; in many taxa the 
paraseptal cartilage is laterally open along its 
anterior half (e.g., Micropotamogale, state 
1). 

12. Oral opening of nasopalatine duct: The 
nasopalatine duct opens into the oral region 
via a single, unpaired channel in Echinops 
and Setifer (state 1; Hofer, 1982a). In other 
taxa, the nasopalatine duct is paired and 
opens into the mouth on either side of the 
palatine papilla (e.g., Tenrec, state 0). 

13. Presence of nasopalatine duct carti- 
lage: Broom (e.g., 1898) noted that marsu- 
pials consistently lack cartilaginous support 
for the nasopalatine duct as it passes ven- 
trally from the nasal fossa into the oral cavity 
(e.g., Didelphis, state 0). Some placentals, on 
the other hand, often show a cartilage medial 
and/or lateral to the nasopalatine duct (e.g., 
Tenrec, state 1). Many authors assign the me- 
dial (nasopalatine) and lateral (palatine) com- 
ponents different names (e.g., Maier, 1980); 
however, aS mentioned above, Kuhn (1971) 
noted that these cartilages may be continuous 
and difficult to distinguish from one another. 
Due to this ambiguity, all cartilaginous sup- 
port for the nasopalatine duct is here labeled 
*“‘nasopalatine duct cartilage’’. 

14. Connection of nasopalatine duct and 
paraseptal cartilages: When present, the na- 
sopalatine duct cartilage may show a con- 
nection to the paraseptal cartilage posterior 
to the nasopalatine duct (e.g., Tenrec, state 
1). Alternatively, it may appear adjacent to 
the duct with no connection to the paraseptal 
cartilage (e.g., Microgale, state 0). 

15. Presence of nasolacrimal duct: Most 
taxa show a glandular duct running from the 
anteromedial margin of the eye, along the 
sidewall of the cartilaginous nose ventral to 
the maxilloturbinal, and opening anteriorly 
within the nasal cupula adjacent to the ex- 
ternal nares (e.g., Tenrec, state 0). Potamo- 
galines, on the other hand, show no trace of 
any such duct (state 1). 

16. Lateral cover of nasolacrimal duct: 
The extent to which the nasolacrimal duct is 
shielded laterally by cartilage varies (W. 
Maier, personal commun.). In Echinops, 
there is no cartilaginous barrier lateral to the 
duct at any point except for its anterior ex- 
treme, when it opens into the nasal cupula 
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(state 0). Erinaceus, on the other hand, 
shows a lateral extension of the anterior 
transverse lamina dorsal to the anterior mar- 
gin of the premaxilla that shields the naso- 
lacrimal duct laterally, well before it empties 
anteriorly into the nasal cupula (state 1). 

17. Papillary cartilage: Some taxa exhibit 
a cartilaginous structure within the palatine 
papilla (e.g., Geogale, state 0). Broom (1896) 
and Sanchez-Villagra (2001) noted the pres- 
ence of a papillary cartilage in most marsu- 
pials; however, such a structure is lacking in 
a Didelphis individual examined in this study 
(table 2) and in those examined by W6Ohr- 
mann-Repenning (1984), although it is pre- 
sent in others (Sanchez-Villagra, personal 
commun.). Most placentals lack a papillary 
cartilage (e.g., Tenrec, state 1). 

18. Vomeronasal organ blood vessels: In 
several taxa, a prominent blood vessel travels 
anteroposteriorly along with the vomeronasal 
organ tucked into its lateral side, giving the 
vomeronasal organ a kidney-shaped appear- 
ance when viewed coronally (e.g., Didelphis, 
state 0). Other animals show blood vessels 
scattered throughout the vomeronasal epithe- 
lium that do not travel in any single, well- 
defined fossa in the vomeronasal organ (e.g., 
Potamogale, state 1). 

19. Shape of nasal septum: Sanchez-Vil- 
lagra (2001) noted that a parallel-sided nasal 
septum (when viewed coronally) is ubiqui- 
tous among marsupials (e.g., Didelphis, state 
0), and contrasts with the ventrally ovoid 
septum present in many placental mammals 
(e.g., Echinops, state 1). 

20. Zona annularis: Anterior to the pre- 
maxilla, the nasal cartilages may form a 
complete, uninterrupted ring of cartilage 
around the nasal fossa, joining the anterior 
transverse lamina with the nasal sidewall and 
roof (e.g., Echinops, state 0). Alternatively, 
these structures may not be fully continuous 
at any point anterior to the premaxilla (e.g., 
Solenodon, state 1). 


CHARACTER OPTIMIZATION 


By themselves, the 20 previously defined 
characters of the cranial arterial supply and 
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anterior nose (table 3) do not decisively favor 
any single hypothesis of insectivoran rela- 
tionships, such as those outlined by Stanhope 
et al. (1998) and Asher (1999). Asher (2000) 
undertook a phylogenetic analysis of these 
and other morphological data for the taxa de- 
scribed above, plus a variety of other mam- 
mals. This analysis yielded resolution within 
the Tenrecidae (the most densely sampled 
group), but was less resolved for larger ques- 
tions regarding insectivoran relationships. 
Since that study was completed, several ad- 
ditional molecular-based phylogenies have 
been published (Mouchaty et al., 2000; van 
Dik et al., 2001; Madsen et al., 2001; Mur- 
phy et al., 2001). Eventually, these data will 
be incorporated into a simultaneous analysis 
(sensu Nixon and Carpenter, 1996); however, 
for the present, this paper is concerned only 
with mapping the characters described above 
onto competing phylogenetic hypotheses of 
insectivoran-grade mammals and noting 
which hypothesis best explains their distri- 
bution. 

A difficulty in comparing the optimization 
of these characters on trees depicted in figure 
1 is the nonoverlapping taxon sample. The 
most insectivoran taxa that have been sam- 
pled in any molecular study published to date 
is eight (Emerson et al., 1999), and the best 
sample of insectivorans in a molecular study 
that supports the Afrotheria is the six genera 
of Stanhope et al. (1998). Phylogenetic trees 
constructed by the most recent studies (van 
Dik et al., 2001; Murphy et al., 2001; Mad- 
sen et al., 2001) sample at most five, without 
the Caribbean taxon Solenodon. This con- 
trasts with two dozen insectivoran genera, 
each based on observations on several indi- 
viduals, included in a recent morphological 
study (Asher, 1999). On the other hand, these 
molecular analyses have a much better sam- 
ple across Mammalia as a whole than that of 
Asher (1999), and include putatively homol- 
ogous phylogenetic data across disparate 
ecological and functional niches (e.g., ele- 
phants and bats). 

Hence, in order to compare the fit of the 
previously described characters on compet- 
ing phylogenies, it is necessary to use trees 
that contain a smaller number of taxa held in 
common by recent molecular and morpho- 
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logical studies for which the anatomical data 
discussed above are available. Such a sample 
consists of 12 taxa and is depicted in figure 
35. Nine of these 12 taxa are genera used in 
both Asher (1999) and Stanhope et al. 
(1998); two are families (Chrysochloridae 
and Talpidae), and one is an order (Carniv- 
ora). Chrsochlorids and talpids were sampled 
at the familial level due to the availability of 
histological data for certain genera in these 
families (Chrysochloris and Talpa), that are 
closely related to the genera used by Stan- 
hope et al. (Amblysomus and Scalopus), for 
which histological samples were lacking. 
Similarly, carnivorans were sampled at the 
ordinal level because available histological 
samples (Canis and Nandinia) do not overlap 
with the genera used by Stanhope et al 
(1998: fig. 1; Felis and two phocids). 

Asher (1999) presented results from eight 
different phylogenetic analyses of an osteo- 
logical and dental dataset, with each varying 
assumptions about character weighting, or- 
dering, and missing data. The length and 
consistency index of these trees based on the 
new character set defined above is presented 
in table 5. Of these eight analyses, set no. 1 
is the most defensible philosophically (Far- 
ris, 1983; Kluge, 1989), as it includes all 
sampled characters and taxa and does not im- 
pose weighting or ordering schemes on the 
dataset based on secondary considerations. 
For this reason, set no. 1 of Asher (1999) is 
figured in this paper and used for compara- 
tive purposes. 

Stanhope et al. (1998) used a number of 
tree-reconstruction techniques for their mo- 
lecular dataset, and figured three trees based 
on these analyses. Their figure 1 (1998: 
9969, reproduced here as fig. 1B) is a “‘ma- 
jority rules neighbor joining bootstrap tree”’ 
based on mitochondrial rRNA, and their fig- 
ures 2 and 3 (1998: 9971) are reduced-taxon 
trees based on both nuclear and mitochon- 
drial DNA. As of 6 March 2001, of all the 
phylogenetic trees published in support of 
the Afrotheria, figure 1 of Stanhope et al. 
(1998) shows the best sample of insectivor- 
ans and has maximal overlap with the sample 
discussed here. Therefore, this tree is used 
here to represent the molecular hypothesis of 
insectivoran relationships. 
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DIFFERENCES BETWEEN TREES BASED ON 
SOFT-TISSUE DATASET 


Figure 35 shows the soft-tissue characters 
described in the previous section optimized 
on these trees. The phylogeny of Asher 
(1999: set no. 1) requires 43 steps (CI = 
0.55) and that of Stanhope et al. (1998: fig. 
1) 50 steps (CI = 0.45). A parametric sig- 
nificance test of this difference (Kishino and 
Hasegawa, 1989; calculated using PAUP* 
version 4.0b8, Swofford, 2001) yields a two- 
tailed P-value of 0.0692. Similarly, a non- 
parametric Wilcoxon Rank Sum test (Tem- 
pleton, 1983; also calculated using PAUP* 
version 4.0b8) yields a T-value of 2; given n 
= 6 degrees of freedom this value indicates 
two-tailed significance between alpha levels 
0.05 and 0.10 (Rohlf and Sokal, 1995: 136). 
Two-tailed statistical tests are appropriate 
since both of these trees were selected a 
priori, with no necessary expectation that one 
would better explain the soft-tissue dataset 
than the other (Swofford et al., 1996: 505). 
Hence, the phylogeny of Asher (1999) better 
explains the soft-tissue data discussed above 
than that of Stanhope et al. (1998), but with- 
out a decisive level of significance. 


POSSIBLE EVOLUTION OF CRANIAL 
CHARACTERS AMONG INSECTIVORAN-GRADE 
MAMMALS 


In order to better explore the possible evo- 
lution of the soft-tissue characters described 
above, I have mapped them (fig. 36) onto a 
more taxonomically complete tree produced 
by the osteological and dental dataset of Ash- 
er (1999: set no. 1). If this topology is correct 
regarding, for example, the placement of So- 
lenodon and monophyly of the Lipotyphla, 
then a number of previously underempha- 
sized morphological synapomorphies are 
worth discussing. 


AFFINITIES OF Solenodon 


First, contrary to the view outlined by Mc- 
Dowell (1958) that evidence for a tenrec-So- 
lenodon clade was restricted to the dentition, 
one of the most unique soft-tissue character 
transformations recorded during the course 
of this study was observed only among most 
tenrecs and Solenodon. In these taxa, the ex- 
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Fig. 35. Soft-tissue characters mapped onto competing phylogenies, assuming accelerated transfor- 
mation (i.e., favoring reversals). Endemic African taxa are in bold; insectivorans are indicated with an 
asterisk. A. Analysis from set no. 1 of Asher (1999), requiring 43 steps with a CI of 0.55. B. Analysis 
from Stanhope et al. (1998: fig. 1) requiring 50 steps with a CI of 0.45. Consistency Indices (CI) are 
calculated excluding uninformative characters. 
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TABLE 5 
Length of Trees from Asher (1999) 


(Based on soft-tissue dataset presented in this paper. See Asher (1999) for explanation of assumptions behind each 


analysis.) 


Assumptions from 
Asher (1999) 


Analysis number 
from Asher (1999) 


1 equally weighted 
all characters included 
multistate unordered 


2 weighted post hoc 
all characters included 
multistate unordered 


3 equally weighted 
some characters excluded 
multistate unordered 


4 equally weighted 
all characters included 
multistate ordered 


5 weighted post hoc 
some characters excluded 
multistate unordered 


6 equally weighted 
some characters excluded 
multistate ordered 


7 weighted post hoc 
all characters included 
multistate ordered 


8 weighted post hoc 
some characters excluded 
multistate ordered 


ternal carotid artery runs medial to a slip of 
the thyropharyngeus muscle, immediately 
prior to the origin of the artery’s facial and 
lingual branches (character 9, state O; figs. 
14, 16, 18, and 20). In most other mammals, 
including potamogalines and Hemicentetes, 
the external carotid remains lateral to the thy- 
ropharyngeus muscle throughout its course 
(fig. 12). 

As reconstructed assuming accelerated 
transformations (Swofford and Begle, 1993: 
20) on set no. 1 of Asher (1999), the node 
containing Solenodon plus tenrecs and Chry- 
sochloris shows the medial course of the ex- 
ternal carotid relative to thyropharyngeus to 
be a synapomorphy. It is equally parsimoni- 
ous to reconstruct this character state as 


Tree length based 
on present dataset 


CI (excluding 
uninformative characters) 





43 0.55 
43 0.55 
50 0.45 
44 0.53 
44 0.53 
53 0.42 
44 0.53 
46 0.50 


evolving in parallel in Solenodon and certain 
tenrecs, depending on the nature of the un- 
resolved Geogale-Microgale-potamogaline 
node. In any event, this character varies with- 
in tenrecs; as noted, Hemicentetes and pota- 
mogalines show the putatively primitive state 
with the external carotid consistently lateral 
to the constrictor musculature throughout the 
artery’s course (fig. 12). Chrysochloris 
shows this more general condition as well. 
Another notable character shared by So- 
lenodon and at least one tenrec (Geogale) is 
the supratympanic bifurcation of the stape- 
dial artery (character 7, state 1). Figure 22A 
shows the undivided proximal stapedial ar- 
tery of Solenodon passing through the tym- 
panic roof via a foramen in the petrosal, an- 
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Fig. 36. Soft-tissue characters mapped onto topology produced by set no. 1 of Asher (1999), assum- 
ing accelerated transformation (i.e., favoring reversals), retaining taxa not shared with Stanhope et al. 
(1998). This tree requires 78 steps and has a CI of 0.38 (excluding uninformative characters). Endemic 
African taxa are in bold; insectivorans are indicated with an asterisk. 


terior to the promontory, medial to the epi- 
tympanic recess, and lateral to the origin of 
the tensor tympani muscle. Figure 22B 
shows a slightly more anterior slice in which 
the intracranial proximal stapedial divides 
into superior and inferior rami, above the 
tegmen tympani’s anterior margin. After its 
origin superior to the petrosal, the inferior 
stapedial leaves the cranial cavity anterov- 
entrally through the piriform fenestra. The 
path and bifurcation of the stapedial artery in 
Solenodon closely resemble those discussed 
above for Geogale, but have not been ob- 


served in any other mammal, including ten- 
recs, examined during the course of this 
study. All topologies recovered by Asher 
(1999) optimize this character state as evolv- 
ing homoplastically in the two taxa. 


Intra-tenrecid phylogeny 


The nested position of Chrysochloris with- 
in the Tenrecidae, adjacent to tenrecines, is a 
very unusual feature of set no. | from Asher 
(1999). Soft-tissue data discussed here do not 
unambiguously support this association. As 
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shown in figure 36, only a reversal of char- 
acter 9 from medial to thyropharyngeus to 
the more common lateral state supports this 
node. However, as previously discussed, this 
optimization is dependent on the assumption 
of accelerated transformations, and in fact all 
tenrecines except Hemicentetes show the 
specialized, medial state of character 9. Fur- 
ther data are required to better test this novel 
association. 

Potamogalines, Geogale, and Microgale 
show a nasopalatine duct cartilage isolated 
from the paraseptal cartilage (character 14, 
state 0; see figs. 23, 24, 28, 30). This con- 
trasts with the more common condition in 
which the two cartilages share a connection 
(e.g., Tenrec; see figs. 32, 33). Thus, this 
character is consistent with a oryzorictine- 
potamogaline clade and the consequent par- 
aphyly of Malagasy tenrecs (Asher, 1999). 
Outside of oryzorictines and potamogalines, 
an isolated nasopalatine duct cartilage has 
also been observed in specimens of the car- 
nivoran Nandinia and shrew Crocidura (ta- 
ble 2). 


LIPOTYPHLAN MONOPHYLY 


Several arterial characters traditionally re- 
garded as primitive for placental mammals 
(fig. 3), and thus of allegedly no value for 
recognizing monophyletic taxa within pla- 
centals, are in fact optimized as synapomor- 
phies for lipotyphlans in figures 35A and 36. 
Of the taxa included in figure 35, only Eri- 
naceus, Sorex, Talpa, Solenodon, most ten- 
recs, and Chrysochloris possess patent pos- 
terior, superior, and inferior rami of the sta- 
pedial artery (characters nos. 1—3, state 0), in 
addition to a ramus mandibularis that arises 
from the inferior stapedial ramus (character 
5, state 0). However, the relatively high con- 
sistency of these characters is somewhat ar- 
tefactual, as it is known that other mammals 
not discussed here (e.g., tree shrews, some 
rodents, rabbits, bats, and elephant shrews), 
and one that is (Orycteropus), possess one or 
both stapedial rami with their potential trib- 
utaries (Bugge, 1974; MacPhee, 1981; Wi- 
ble, 1987). Similarly, the dense taxon sample 
of tenrecs depicted in figure 36 indicates con- 
siderable homoplasy, as Potamogale shows a 
reduced superior stapedial ramus, both Ten- 
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rec and Hemicentetes lack an inferior ramus, 
and adult specimens of Tenrec, Sorex, Eri- 
naceus, and Chrysochloris lack patent pos- 
terior stapedial rami. 

Nevertheless, support for the Lipotyphla 
from these allegedly primitive characters 
does not disappear completely with the rec- 
ognition that they occur in other parts of the 
mammalian tree. “‘Primitive’’ and “‘derived”’ 
are relative terms, and the appearance of a 
certain character state at a basal node in any 
phylogeny does not rule out the possibility 
that subsequent recurrences of that state are 
derived for a different group. Hence, patent 
inferior, superior, and posterior stapedial rami 
(for example) would fail to comprise syna- 
pomorphies for a monophyletic Lipotyphla 
only if its immediate sister group(s) also pos- 
sessed these characters, and this has yet to 
be demonstrated. 


MORPHOLOGICAL SUPPORT FOR AFROTHERIA 


Osteological or dental support for an Af- 
rotheria including tenrecs and golden moles 
is lacking (Asher, 1999). However, two soft- 
tissue characters present interesting distribu- 
tions that could be consistent with monophy- 
ly of the Afrotheria. First, golden moles and 
Orycteropus both have an internal carotid ar- 
tery that enters into the braincase lateral to 
the anterior pole of the cochlea (character 6, 
state 1; fig. 21). Although data from elephant 
shrews have not been incorporated into this 
study, this character state has also been ob- 
served in serial sections of Elephantulus at 
the Zoologisches Institut, Tiibingen. In con- 
trast, tenrecs and Procavia show the more 
widely distributed condition of an internal 
carotid artery entering the braincase medial 
to the anterior pole of the cochlea (fig. 16; 
see also Lindahl and Lundberg, 1946), indi- 
cating that if this character is a synapomor- 
phy, it either does not define Afrotheria as a 
whole or that some homoplasy has occurred 
during its evolution. When considering a 
larger mammalian sample, the latter seems to 
be the case, as some shrews (Blarina and 
Crocidura) and the carnivoran Nandinia 
have been observed to possess an internal ca- 
rotid artery lateral to the anterior cochlea as 
it enters the braincase (Asher, 2000). 

A second potential Afrotherian morpho- 
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logical synapomorphy concerns vomeronasal 
organ vasculature. Procavia, Chrysochloris, 
potamogalines, and Setifer show small vom- 
eronasal blood vessels dispersed throughout 
the organ (character 18, state 1); this con- 
trasts with the more typical condition of a 
single, large vessel running lateral to the or- 
gan and forming an axis around which the 
organ takes a kidney-shape. Most other taxa 
observed during this study show the latter 
character state. However, like certain African 
taxa, and again indicative of homoplasy, So- 
lenodon, Canis, and Crocidura show the for- 
mer State. 


SUMMARY AND CONCLUSIONS 


Insectivoran-grade mammals, represented 
in this study primarily by tenrecs, show a 
remarkable variety of vascular and nasal spe- 
cializations, indicating that previous estima- 
tions of their homogeneity (e.g., McDowell, 
1958: 168) are incorrect. Of particular note 
among the arterial specializations are the re- 
duced superior stapedial ramus in Potamo- 
gale (character 2, state 1; figs. 4, 10); the 
absent inferior ramus in Hemicentetes and 
Tenrec (character 3, state 1; fig. 8); the in- 
tracranial stapedial bifurcation in Geogale 
(fig. 6) and Solenodon (character 7, state 1; 
fig. 22); the external carotid artery medial to 
thyropharyngeus muscle in most tenrecs and 
Solenodon (character 9, state 1; figs. 14, 16, 
18, and 20); and the internal carotid artery 
lateral to the cochlea in Chrysochloris (char- 
acter 6, state 1; fig. 21), similar to the con- 
dition in certain endemic African mammals 
(e.g., Orycteropus). In the anterior nose, 
Echinops and Setifer share an unpaired oral 
opening of the nasopalatine canal (character 
12, state 1; fig. 31; see also Hofer, 1982a); 
Geogale possesses a papillary cartilage 
(character 17, state 0; fig. 29); Erinaceus and 
shrews share a laterally shielded nasolacri- 
mal duct (character 16, state 1); and Solen- 
odon possess a vomeronasal duct that emp- 
ties directly into the nasal fossa (character 
10, state 1; fig. 34), as does Dasypus (Rein- 
bach, 1952a, 1952b) and some specimens of 
Chrysochloris (Broom, 1915b). 

When optimized on recently proposed in- 
sectivoran phylogenies, these characters are 
more consistent with one based on osteology 
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and the dentition (Asher, 1999) than one 
based on mitochondrial rRNA _ sequences 
(Stanhope et al., 1998). However, under both 
hypotheses these soft-tissue characters exhib- 
it homoplasy and potential synapomorphies. 
At face value, it may seem unsurprising 
that two morphological datasets are more 
consistent with one another than with a mo- 
lecular dataset. However, there is in fact no 
a priori reason to expect that anatomical mi- 
nutiae of cranial vasculature and the anterior 
nose should correspond more closely with, 
for example, osteology of the appendicular 
skeleton than with a sequence dataset, al- 
though I do acknowledge that certain aspects 
of cranial anatomy (e.g., vascular foramina) 
have obvious correspondences with cranial 
soft tissues (e.g., arterial supply). In the end, 
all of these lines of evidence (i.e., osteolog- 
ical, soft tissue, and molecular) are potential 
indicators of homology, and as such repre- 
sent the same kind of “‘information”’ (sensu 
van Valen, 1982) at different points along a 
developmental continuum. Each comprises 
an informative part of a systematic whole. 
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NOTE ADDED IN PROOF 


Histological specimens of Orycteropus, Procavia, and 
Talpa in the Zoology Department of Eberhard-Karls 
Universitat, Tabingen were made available courtesy of 
Prof. Wolfgang Maier after this paper was completed. 
Several characters previously coded as “‘missing’’ may 
now be filled in as follows: 


Orycteropus: characters 9 and 18, state 1. 

Procavia: character 9, state 1; character 16, state 0. 
Talpa: characters 1, 6-8, state 1; characters 9, 16, 18, 
state O. 


Of these additions, Talpa is the most notable. It shows 
an external carotid medial to the thyropharyngeus mus- 


NO. 3352 


cle (character 9, state 0; shared with most tenrecs and 
Solenodon), a bifurcation of the stapedial artery within 
the braincase (character 7, state 1; shared with Soleno- 
don and Geogale), an internal carotid artery entering the 
braincase lateral to the anterior pole of the cochlea (char- 
acter 6, state 1; shared with chrysochlorids and Oryc- 
teropus), and the lack of lateral cover for the nasolac- 
rimal duct (character 16, state 0; in contrast to its soricid 
and erinaceid sister taxa). Inclusion of these new data 
increases the homoplasy in the trees from both Stanhope 
et al. (1998) and Asher (1999) discussed herein, but does 
not change the overall conclusion that the phylogeny 
derived from set no. 1 of Asher (1999) has a slightly 
better fit to these soft tissue data than the phylogeny 
depicted in figure 1 of Stanhope et al. (1998). 
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